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Foreword 


T he iiemendoHS research and development effort that went into the 
development of radar and related techniques during World War II 
resulted not only in hundreds of radar sets for military (and some for 
possible peacetime) use but also in a great body of information and new 
techniques in the electronics and high-frequency fields. Because this 
basic material may be of great value to science and engineering, it seemed 
most important to publish it as soon as security permitted. 

The Radiation Laboratory of MIT, which operated under the super¬ 
vision of the National Defense Research Committee, undertook the great 
task of preparing these volumes. The work described herein, however, is 
the collective result of work done at many laboratories. Army, Navy, 
university, and industrial, both in this country and in England, Canada, 
and other Dominions. 

The Radiation Laboratory, once its proposals Avere approved and 
finances provided by the Office of Scientific Research and DeA^elopment, 
chose Louis N, Ridenour as Editor-iii-Chief to lead and direct the entire 
t)roject. An editorial staff was then selected of those best qualified for 
this tyjDC of task. Finally the authors for the various volumes or chapters 
or sections Avere chosen from among those experts Avho Avere intimately 
familiar Avith the a arious fiidds, and Avho Avere able and Avilling to Avrite 
the summaries of them. This entin* staff agreed to remain at Avork at 
MIT for six months or more after the Avork of the Radiation Laboratory 
was complete. These A"olume.s stand as a monument to this group. 

These volumes seiwe as a memorial to the unnamed hundreds and 
thousands of other scientists, engineers, and others A\ffio actually carried 
on the research, dcA^elopinent, and engineering aa ork the results of AAffiich 
are herein described. There Avere so many involved in this Avork and they 
worked so closely together even though often in Avidely separated labora¬ 
tories that it is impossible to name or even to knoAV those AAdio contributed 
to a particular idea or deA^elopmcnt. Only certain ones aa ho aa rote reports 
or articles haA^e even been mentioned. But to all those who contributed 
in any Avay to this great cooperative development enterprise, both in this 
country and in England, these volumes are dedicated. 


L. A. DuBhidge. 





Preface 


T he pulsed 10-cm magnetron, perfeeted by the British in 1940, consti¬ 
tuted the starting point for the development of microwave radar. 
From that time until the end of the war the magnetron proved to be one 
of the most important components in radar systems. As a consequence 
of this, the armed services, both in this country and in England, insti¬ 
gated extensive programs of research and development to produce ncAv 
types and improve the characteristics of existing ones. The program 
soon became a major one for the electronic industry. At the Radiation 
Laboratory alone, over forty highly trained physicists and engineers spent 
more than four years studying magnetron performance and producing 
new designs. Comparable effort was expended V)y the many other 
industrial and research laboratories. The result was over twenty dis¬ 
tinct types of magnetrons, producing powt>rs in the tens to thousands of 
kilowatts at fretiucncies that were largely unexplored before 1940. What 
is more important, this program led to a better understanding of the 
principles of magnetron operation and to an increased appreciation of 
the importance of the field of electronics at high frequencies. 

During the war very little attention could be given to evaluating, 
correlating, and recording these new developments, and what reports 
were written are disconnected and incomplete. Actually, much of the 
information existed only in the minds of the investigators and in their 
personal notebooks. The purpose of this book is to present in a usable 
form this large amount of theoretical and practical knowledge. 

Conditions surrounding the preparation of the volume produced 
special problems. The time available was short, considering the amount 
and complexity of the material, and a division of labor among many 
authors was necessary. This permitted the selection of authors best 
ilualified to present different subjects but resulted in a not too consistent 
style and level of presentation. Furthermore, it was appreciated that 
although microwave magnetrons were developed for use in radar systems, 
their importance to science and engineering was much broader; thus the 
material for the book was evaluated largely in terms of its possible future 
usefulness, and the uncertainty of this resulted in a tendency to include 
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too much rather than too little. More serious are the errors that may 
not have been eliminated because of insufficient time for adequate review. 

The book contains a larj^c fraction of what was known, as of January 
1946, about the theory, design, and operation of magnetrons in the 
frequency range 1000 to 25,000 Mc/sec and the many modifications that 
extend the usefulness of these tubes. There is in this book, because of 
its radar background, a strong emphasis on magnetrons intended for- 
pulsed operation, but the treatment is extended to c-w applications 
whenever possible. 

The scope is dictated by the primary premise that all information 
necessary to ''make a magnetronbe included. As a result, the character 
of the chapters ranges from a detailed theory of the various aspects of 
magnetron operation to the details of construction of production magne¬ 
trons. An introductory chapter reviews the early work on magnetrons, 
including the first 10-cm tube of the British, and presents the basic 
principles of magnetron operation in order to orient the reader unfamiliar 
with the subject. 

T^xcept for this introduction, the material is arranged so that theory 
precedes practical considerations. A final chapter gives operating data 
and important dimensions for a variety of magnetrons. 

Although the authors of this volume were nearly all members of tlu^ 
MIT Radiation Laboratory or Columbia Radiation Laboratory, a great 
deal of the material included originated in the industrial concerns of this 
country and England. References to contributions by other laboratories 
is given whenever possible, but the free exchange of information existing 
during the war makes the origins of many of the ideas uncertain. In 
particular, the contributions of the Bell Telephone Laboratories and the 
Raythtam Manufacturing Company have been extensive and in many 
cases undistinguishable from those of the MIT and Columbia groups. 
The important contributions of these and the many other institutions arci 
acknowledged. 

The early work of the British deserves special recognition. All too 
few references to it are found in this volume, because soon after the 
original design was divulged to laboratories in this country, the develop¬ 
ment here proceeded along rather independent lines. The British magne¬ 
tron, however, was the key to the production of high-power microwaves. 
A discussion of this tube and its important features is found in Chap. 1, 
based on material kindly furnished by Professor J. T. Randall and 
Dr. H. A. H. Boot Avho, more than any others, were responsible for its 
invention. 

Acknowledgments are due to the many who revicAved chapters of the 
book. In particular, mention should be made of Dr. Lewi Tonks of the 
General Electric Company, Drs. W. B. Hebenstriet and H. D. Hagstrum 
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XI 


of the Bell Telephone Laboratories, Drs. A. Nordsieck and A. V. Hollen- 
berg of Columbia University, Dr. Lloyd P. Smith of Cornell University, 
and Miss Helen Wieman for her assistance in preparing the manuscript 
for publication. 

In conclusion, the editor wishes to emphasize that a book of this 
magnitude could not have been written without the wholehearted 
cooperation of all the authors, many of whom worked on the manuscript 
long after leaving the Radiation Laboratory. 

The publishers have agreed that ten years after the date on which 
each volume in this scries is issued, the copyright thereon shall be relin¬ 
quished, and the work shall become part of the public domain. 


rMvmniDrjK, Mash., 
July, 1!)4H. 


Geoiigk B. Collins. 
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CHAPTER 1 


INTRODUCTION 

George B. Collins 

A magnetron is a diode, usually cylindrieal, with a magnetic field 
parallel to its axis. In modern usage, however, the word implies a diode 
that, with the aid of a magnetic field, produces short electromagnetic 
waves, and it is with this meaning that the term is used in this volume. 
Those m agnetron s which prod u ce radiation within the wavelength rang e 
1 to 3 0 cm are here defined as microwave magnetr ons. This class of 
tubes is sometimes called cavity magnetrons from the fact that, in the 
usual design, the resonant circuit is a number of closely coupled cavities 
contained within the evacuated portion of the tube. 

1-1. Early Types of Magnetrons. —^Microwave magnetrons and the 
theory of their operation have their origin in contributions made by a 
great many investigators extending back at least to 1921. A review of 
this development will be given here with the purpose of pointing out the 
significant steps that have led to the present highl^^ efficient sources of 
microwaves. Editorial policy precludes the assignment of credit for 
origination of ideas or inventions, and tins question will be purposely 
avoided as far as possible. 

Norio.HcAUniing Diodes with Magnetic Fields. —The basis for much of 
the theory of magnetron operation was laid by IIulP who investigated 
the behavior of (dectrons in a cylindrical diode in the presiuice of a mag¬ 
netic field parallel to its axis. Such a diode is shown in Fig. ITa. A 
cylindrical anode surrounds a centrally placed cathode which is heated 
to provide a source of electrons. A nearly uniform magnetic field parallel 
to the axis of the tube is produced by a solenoid or external magnet not 
shown in the diagram. In the crossed electric and magnetic fields w liich 
exist between the cathode and anode an electron that is emitted by 

the cathode moves under the influence of a force F, = Fe and a force 
—> —> 

F,„ = c/c(v X B) (see Fig. T2), Avhere E is the electric field, B the 
magnetic field, c the velocity of light, v the velocity of the electron, and 
f is its charge. The s()lution of the resulting equations of motion, which 
neglect space-charge effects, shows that the path of the electron is a 
quasi-cycloidal orbit with a frequency given approximately by 



1 A. W. Hull, Phys. Rev., IB, ‘M (ll»2n. 
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When this orbit touches the anode, a condition of rutoff is said to 
exist, and Eq. (2) holds 


’ ’ = r 1 _ 

8wc^ L V^n/ 


( 2 ) 



plerti DU niDviiiK iii rliodp with 
a iiiaKiiptic fipld pai allel to il.s 
axis. 


where V is the potential difference between the anode and the cathode 
and Va and Vc are their radii. The relation 
is an important one from the standpoint 
of magnetron operation. It implies that 
for V/B^ less than the right side of Eq. 

(2), no current flows and, as V/B- is 
increased through the cutoff condition, a 
rapid increase in current takes place. For 
obscure reasons the reduction of current at 
cutoff, which is observed experimentally, is 
not so abrupt as the theory outlined above 
^^7>uld indicate. 

Cyclotron Frequency Oscillnfions .—The 
type of diode shown in Fig. L*la can be made 
to oscillate at very high frequencies if the 
cathode and anode are made part of a resonant circuit with reasonably 
high impedance and low losses. Conditions for oscillation are that V/B^ 
must be adjusted close to the cutoff condition given by Eq. (2) and that 
the frequency of the resonant current be close to the t ransit frequency 'of 

the electrons. An explanation of these 
oscillations is given in terms of Fig. 1-3. 
The dashed circle represents the path of 
an electron in the interaction space and 
modifies the trajectories of such an elec¬ 
tron. Curve (1) represents the trajec¬ 
tory of an electron emitted at an instant 
Avhen the r-f field is in the same direc¬ 
tion as the d-c field. Thus the effective 
V acting on the electron is increased, 
and from Eq. (2) it is seen that this 
increases the cutoff radius with the 
result that the electron strikes the 
anode. 

Curve (2) is for an electron emitted one-half period later when the 
r-f fields are opposed to the d-c field. The electron now misses the anode 
and returns toward the cathode. Since the frequency of rotation as 
given by (1) is made close to the r-f frequency, electron (1) will return 
toward the cathode also retarded by the r-f field. This electron thus 



I’lii. l-.S.— Ti iiji'ftiM'ipw ijf elri-irniis; 
(1) phuHL* with reMperl Id the r-f finlrl is 
unfavorable for Hit* support of osril- 
lations; (2) fiivorable. 
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contributes energy to the r-f oscillation, and the process wdll continue as 
long as the phase relationships Avith the r-f field persist or until the 
electron is removed by some process. As these phase relationships 
cannot be maintained indefinitely, provisions are usually made lor remov¬ 
ing the electrons before they fall out of phase. One method is to tilt 
the magnetic field slightly with respect to the axis of the tube. This 
causes the electrons to spiral out of the end of the anode before too many 
revolutions occur. 

A characteristic of this type of magnetron, which is important to 
the operation of many magnetrons, is the quick removal from the r-f 
field of the electrons whose phase is unfavoiable to the support of oscilla¬ 
tions and the retention in the r-f field of the favorable ones. 

Split-anode magnetrons such as shown in Fig. I-IV) will also oscillate 
when the frequency of the resonant circuit (now connected to the two 
segments) is close to the transit frequency of the electrons and the anode 
voltage adjusted close to cutoff conditions. No satisfactory analysis 
has been made that gives the trajectory of the electrons in this case, but 
it is probable that the unfavorable and favorable electrons are segregated 
by processes similar to that illustrated in Fig. 1-3. 

No large number of cyclotron-type magnetrons have been made, 
but they have been used effectively as experimental sources of radio 
frequency.^ At 50-cm w^avelength output powers of 100 watts have 
been obtained; at 10-cm Avavelength about 1 Avatt; and detectable 
radiation has been produced at 0.6 cm. The efficiency of the split- 
anode tubes is around 10 per cent for moderately long wavelengths as 
compared with 1 per cent for the diode variety. 

The shortcomings of this class of magnetron are low efficiency, lo^^ 
power, and generally erratic behavior, but extremely high frequencies 
can be generated by these oscillators. 

Negative Resistance or Ilabann Type .—If the magnetic field of a split- 
anode magnetron is greatly increased over what is required for the 
cyclotron-type oscillations, a new type c.an occur which has been called 
negative-resistance or Habann-type oscillations. The frequency is 
determined almost a\ holly by the resonant circuit, and the magnetic 
field is not critical as is the case Avith cyclotron oscillations. Thc^se 
oscillators have been investigated by Kilgore^ Avho observed in a mag¬ 
netron containing gas at Ioav pressure, luminous paths corresponding to 
electron trajectories of the form shown in Fig. 1-4. 

The form of the r-f field is shown, and this combined with the d-c 

^ A. Zarek, Cos. Pro. Pest Math, a Frys.j Prague, 63, .'iTS (1.Q24). 

“ H. Yagi, Proc. IRE, 16, 715 C1928). 

‘ C. E. CleetDii and N. H. Williams, Phys. Rev., 60, 1091 (1936). 

‘ G. R. Kilgore, Proc. IRE, 24, 1140 (1936). 
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field and the high magnetic field causes the electrons to spiral out to 
the anode segment that is at the lowest (most negative) potential. 
The magnetron thus has the characteristics of a negative r esistance nece s- 
fo produce oscillations. It is observed that the efficiency of this 
type of oscillation is enhanced if the electron moves out to the anode 
making ten or more spirals. The frequency of the spiraling is determined 
by Eq. (1), and thus magnetic field strengths are needed that are ten 
times those required to produce the same frequency by cyclotron-type 
oscillations. Providing sufficiently high magnetic fields to satisfy this 
requirement for very high frequencies is one of the principal objectitjns 
to this type of oscillation as a practi¬ 
cal source of microwaves. 

An important modification in 
the design of split-anode magne¬ 
trons was made when the resonant 
circuit was placed entirely within 
the vacuum system. This step 
was the result of efforts to increase 
both the frequency and poAver out¬ 
put. Figure Tic shows such a 
design. This type of tube has pro¬ 
duced power outputs of 1(X) to 400 
watts at 50 cm and 80 Avatts at 20 
cm. 

Traveling-wave Oscillations .— 

This third type of oscillation also 
occurs in split-anode magnetrons 
and is related to the negative resist¬ 
ance type. The two differ only in the ratio of the angular frequency of the 
traveling wave to the cyclotron frequency. In the negative-resistance 
magnetron the magnetic field is so high that on the cyclotron time scale 
the traA'eling Avave remains nearly stationary. There is no sharp dividing 
line betAveeii the tAvo. For the same frequencies the magnetic field 
required is much lower than that needed to produce negative-resistance 
oscillations; and although the magnetic field may be close to the value 
necessary to produce cyclotron-type oscillation, its value is not critical 
and the anode potential is loAAcr, so that oscillations occur beloAA" cutoff* 
conditions. 

Traveling-wave oscillations have also been observed^ in four-segment 
and even eight-segment magnetrons. Figure l id illustrates a four- 
segment magnetron and shows in particular the manner in Avhich the 
alternate segments are connected together AAithin the vacuum envelope. 

* K. PDsthuinii.s, Eng., 12, 126 (1935). 
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Fiu. 1-4.—Trajectories of an electron in 
a split-aiiodp magnetron when used as a 
Habann-type oscillator. 
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A particularly important feature of this design is that for a given B and 
I'a the four-segment magnetron can be made to oscillate at twice the 
frequency of a two-segment one. Posthiimiis^ developed a theory for 
oscillation of this type, which although space-charge effects are neglected, 
gives a reasonable explanation of the observed characteristics. This 
explanation can be made conveniently in terms of the ioiir-segment tube. 
Figure 1 5 shows in an approximate manner the electric field distribution. 
These fields vary with time in a sinusoidal manner and may be considered 
as standing waves resulting from two sets of traveling waves rotating in 
opposite directions around the anode. For oscillations to occur the 

_^ angular velocity of the electrons 

To must approximate that of one of the 
resonant rotating waves SO that the electrons 

- 'Nr\\ retain for an appreciable length of 

\ ^_/ a\\ time their phase relationship with 

[\ \ ' / / /\ \ \ the r-f field. Posthumus showed 

,1 ' 1 '« ! : ;; \ \ that this condition exists when 


b * / ' ^ \ I I -f "^TT fl> 1 fj / o \ 

V// ^ ,. \y// 

when f is the frequency, Va and Vn 
anode potential and radius, B 
^ ^ the magnetic field, and n the number 

Fio. 1-5.—Elcctrit fields in ii fDur-8i‘Kineiii of pairs of Segments. 

magiietion. theory also shows that elec¬ 

trons which are retarded by the r-f field and thus contribute energy to it 
spiral outward and eventually strike the anode. 

Equation (3) is consistent with the characteristics of these oscillations 
as observed by Posthumus. The upper-frequency limit for a given tubi^ 
is inversely proportional to B, and for n = 2 this limiting frequency is 
twice that for n = 1. The theory is also consistent with such facts, 
now well known, that the anode voltage is proportional to the square 
of Va and that for oscillations to occur the ratio V/B must remain constant. 

Of the three types of oscillations—cyclotron frefpicncy, negative 
resistance, and traveling wave—the last has proved the most effective 
in magnetrons that are used as practical sources of microwaves. Some 
advantages of the traveling-wave type of oscillations are good efficiencies 
at high frequencies, moderate magnetic field requirements, and stability 
of operation over a wide range of input and output conditions. 

For frequencies below 1000 Mc/sec it is convenient to have the reso¬ 
nant circuit external to the -vacuum system, as the elements are rather 
bulky and because external circuits can be tuned more readily. This 
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circumstance has led to the development of split-anode magnetrons in 
the 100 to 1000 Me/sec region that has culminated in the design shown 
in Fig. 1-ld. An important feature of these tubes is the large-diameter 
conductors connecting the two sections of the anode to the external 
circuit. This reduces losses in the resonant circuit and increases the 
anode dissipation. Power outputs of 150 watts at frequencies between 
15 and 1200 Mc/sec can be obtained reliably from this tube and similar 
ones.^ 



Fig. 1-6.—Early form of internal resonator inagnetron. 

In a search for magnetron sources of higher frequencies and higher 
powers certain modifications are suggested by the performance of the 
designs shown in Fig. IT. In particular the combination of the internal 
resonant circuit Fig. lilc with the multisegment feature of Fig. l ie 
seems desirable, as the internal resonant circuit is capable of handling 
high powers at high frequencies and the multisegment structure reduces 
the anode voltage and magnetic field. Figure 1-6 shows an arrangement 
of internal circuits that was investigated by Aleksereff and Malearoff.- 

' This line of magnetron was developed by the General Electric Co. 

* N. T. Aleksereff and D. E. MalearolT, Jour. Tech. Phys. USSR, 10, 1297 (1940). 
Republished Pror. IRE, 32, 136 (1944). 
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Similar arrangements have been suggested by many others.Here 
the resonator system is made up of a number of internal resonators 
arranged around the axis of the cMhode so that the capacitive portion 
of each resonator opens out into the cathode-anode space. The mag¬ 
netron shown in Fig. T6 was tried with anode blocks having up to 
eight resonators and with various anode sizes. Powers of a few hundred 
watts at 9-cm wavelength are reported with efficiencies as high as 20 
per cent, and a few watts were produced at 2.5-cm at very low efficiency. 
The pOAver output Avas limited by overheating of the cathode wffiich 

presumably resulted from back 
bombardment by electrons that 
received energy from the r-f field. 

1-2. The British Cavity Mag¬ 
netron.—The Avartime need of 
radar for a transmitting tube capa¬ 
ble of very high pulsed-poAA^er out¬ 
puts at Avavelengths of 10 cm or 
less led British investigators’^ to 
attempt late in 1939 the develop¬ 
ment of a magnetron Avith these 
characteristics. They iin^ented 
and perfected a traA'cling-wave 
type magnetron Avith internal 
resonators that Avhen pulsed pro¬ 
duced microAvave radiation Avith 
peak poAvers several orders of mag¬ 
nitude greater than had been obtained before by any means. The fact 
that this magnetron Avas operated under pulsed input conditions is par¬ 
ticularly significant. Duty ratios [(pulse duration)/(interval l)etween 
pulses) + (pulse duration)] of about 0.001 were used so that heating of the 
cathode and anode was greatly reduced over that for c-w operation. 
Specifically, with a duty ratio of 0.001, pulse powers one thousand times 
the maximum c-av inputs are possible without prorlucing overheating. 
After a comparatively short period of development 10-cm magnetrons 
Avere made that operated efficiently Avith peak poAver inputs of several 
hundred kiloAvatts and outputs in excess of 100 kAv. Figure 1-7 shoAA\s the 

1 A. L. 8aiiiuol, U.S. Patent 2063341, 1936. 

2 British Patent 509104, Oct. 7, 1938. 

® Reichspatent 663259, Aug. 3, 1938. 

* Professor J. T. Randal and Dr. H. A. H. Boot, University of Birmingham, 
Birmingham, England. The work of these iiivestiKtitors was greatly aided as a result 
of cooperation with The General Electric Company, lAil., Wembley, England, which 
made many contributions essential to the success of the production version of these 
early magnetrons. 



lio. 1-7.—Anode block of fir.sl lli itish lO-cin 
magnetron. 
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first anode constructed by these investigators, and Fig. 1-8 the first ex¬ 
perimental magnetron. This tube had an output of 400 watts c-w at a 
wavelength of 9 8 cm. Figure 1 9 shons the construction of this mag¬ 
netron as it was produced for use in microwave radars. 



liL, IS ] list Biilish lO-iiii Jiia^iu lioii 

The effectiveness of this magnetron is due especially to three impor¬ 
tant featuies of design; 

1 A large-diameter oxide-coated cathode A\as u‘=!ed. The large 
diametei contiibiites apprecialdy to stable ojieration and provides 
a large emitting area 
Tender pulsed conditions the 
oxide coating vas found to 
proviile peak emission cur¬ 
rents of 10 to 20 amp/cm- 
This surprising performance 
of oxide coatings—the pulse 
emission is ten times the d-c 
value—is largely responsible 
for the magnetron’s ability 
to accept high pulse-power inputs. Instabilities such as sparking 
might have been expected, as the magnetron operated with a plate 



Fio 1-9.—Piodiirtioii veibion of 
10-pm iTiaKnetron 
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voltage of 10 lev, a figure considerably above the value considered 
safe for the use of oxide cathodes under normal conditions. Fortu¬ 
nately under pulsed conditions little trouble was experienced. 

2. The anode block is part of the vacuum envelope. All the mag¬ 
netrons shoAvn in Figs. IT and 16 have anode blocks suspended 
inside vacuum, and large anode dissipation is difficult to obtain; 
with the anode block a part of the vacuum envelope, a Ioav- 
impedance thermal path from interior to exterior exists, and heat 
dissipation of several hundred Avatts of average poAver can be 
accomplished with air cooling alone. 

3. The separate resonators are coupled by conducting elements or 
straps.' Without these the magnetron's several resonant fre¬ 
quencies are so close together that unstable operation results. 
With straps the efficienc}^ is raised and stable operation may be 
obtained over a wide range of poAvers. 

Other features and certain optimum dimensions, AAffiich in all con-, 
tribute significantly to the operation of this magnetron, AA^ere incorporateil 
as a result of experiment. Good examples of such features are the output 
construction and the critical cathode diameter and coupling loop size. 

This early work also contributed greatly to the understanding of 
magnetron operation. The role of the electrons that return to the 
cathode in producing secondaries from the cathode aars appreciated, 
and, in fact, magnetrons Avith secondary emitting cathodes anil no pri¬ 
mary emission were operated by Boot and Randall. In addition, a very 
useful technique for inA^estigating the resonant modes of magnetrons by 
the use of signal generators (Chap. 18) aa as dcA^eloped. 

In spite of the spectacular performance of this early pulsed microAvave 
magnetron its characteristics were not entirely satisfactory. Its per¬ 
formance AA'as erratic, Avith regard both to the operation of individual 
tubes under varying conditions and to the operation of different but 
presumably identical tubes under the same conditions. In addition, 
any modification of the original design almost inA^ariably resulted in 
unsatisfactory performance. For example, attempts at designing tubes 
to operate at Avavelengths shorter than 10 cm or at Ioaa er anode voltages 
Avere not at first successful. The cause of most of these difficulties Avas 
the lack of a complete understanding of the principles of operation of the 
magnetron. 

1-3. Description of a Microwave Magnetron.—The class of magnetron 
AA’ith AAffiich this book is concerned is distinguished by a resonant system 

* The addition of straps to the resonant system of the magnetron was made 
by J. Sayers, of Birmingham University, about a year after the original magnetron 
was perfeeted. 
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within the tube envelope; this system is composed of a number of coupled 
resonators surrounding a relatively large cylindrical cathode. An 
example that will be used as a basis for discussion is shown in Figs. 
110 and Ml. 

These magnetrons are self-excited oscillators, the purpose of which is 
to convert the d-c input power into r-f output power. This conversion 
takes place in the mieraction space I which is between the cylindrical 
cathode C and the anode hloch A. A constant and nearly uniform magnetic 
field is maintained in this interaction space in a direction parallel to the 
axis of the tube. In operation, the cathode is maintained at a negative 
potential, Avhile the anode block is usually at ground potential. The 



I'h;. 1 11). (’iitawa\' of typiral iiiirrowavp iiiiiKm'trnn shnwing Pr)n.stTUntiDn. 

anode block is pierced in a direction parallel to the axis by a number of 
resonators R which open into the interaction space so that the anode 
surface consists of alternate segments and gaps. The ends of the 
resonating cavities open into chambers that are called **end spaces^^ 
through which the lines of flux extending from one resonator to the next 
pass. The coupling between the resonators is increased by conduct¬ 
ing bars called straps S which connect alternate segments. PoAver is 
extracted from one resonator, one method being a coupling loop L which 
forms a part of the output circuit. The combination of resonant cavities, 
end spaces, straps, and output circuit is called the resonant system. 

In this design, the cathode C is oxide-coated and heated indirectly by 
an internal heating coil of tungsten or molybdenum. It is attached 
mechanically to tAVo cathode stems supported by glass to provide anode- 
to-cathode insulation. Coaxial line chokes K are frequently placed on 
these stems to prevent the escape of any stray radiation that may be 
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picked up by the cathode wtructiire. At each end of the cathode there 
is an end shield H whobe purpose is to pre\ent electrons from leaving 
the cathode structure in a direction parallel to the axis ol the magnetron. 
These end shields must be kept at a temperature too low to cause tlie 
emission of electrons. 


R 1 s 



H s 


Piu 111 - (^ross-sectional viows of topical inaRneti on shown in Fig 1 10 

([_The radial dimensions of the interaction space depend upon the wave¬ 
length and \ oltage at which the magnetron i^ to ojierate aiul lor any given 
t 3 "pe are proportional to the v a\elength and to the srpiare r[)ot ol the anode 
voltage. ^Foi efficient operation, the ratio ol cathode diameter to anode 
diameter must remain i\ithin narrow limits set by the number of resona¬ 
tors. In a 12-re&onator magnetron, this ratio is about i the anode; 
for fewer oscillators, it is somewhat smaller, and for more than 12 oscil¬ 
lators, somewhat larger. 

A magnetic field parallel to the axis of the cathode is required; it is 
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often produced by an electromagnet or permanent magnet with pole 
faces external to the magnetron.^ Figure 1 ■12fl shows a typical permanent 
magnet and magnetron with radial cathode supports. Another type of 
magnetron construction, favored for the higher-freciuency magnetrons 
where magnet weight is of importance, is shown in Fig. 112^^. This 
magnetron-magnet combination is frequently called a “packaged 
magnetron.” The cathode is usually supported axially through iron 



I'lrr. 1-12. - Tw[) tyy)['s of iniipTintron ronstriirtion: (n) radial rathnilp Mipports with hppnrate 
niaK^iL't; (^) axial rathode Riip]>oit with attarhed iiiagiu^t. 

pole pieces which extend quite close to the anode and thus reduce the 
magnetic field gap. Since the weight of a magnet that will produce a 
given magnetic field strength over a given iron-sectional area increases 
very rapidly with the length of the gap, considerable magnet weight 
can be saved in this manner. It is customary to sui)ply this type of 
magnetron permanently attached to its magnet. The saving of size 
and weight resulting from this axial construction may be considerable. 
iP 1-4. The Resonant System. —The combination of the anode block, 
^tput circuit, end spaces, and other parts that contribute to the r-f 
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properties of the tube is defined as the resonant system. It is a most 
important part of the magnetron, for it determines the frequency and 
also plays a most important role in the electiM)nie processes. This 
integration of the entire oscillating system into one tube complicates 
the problems of design and limits the versatility of single magnetrons as 
compared with low-frequency oscillators where the oscillator tube is 
distinct from the associated resonant circuits. 

The function of the resonant system is to present to the space charge 
an r-f field of the d esired freque ncy and with the ■' >roper configuration and 
magnitude to effect an efficient generation of radio frecuiencv and further 
to transmit this power to an external loatT Tlie resonant system accom¬ 
plishes this by storing a quantity of the energy to produce the r-f fields, 
at the same time releasing a portion to the external load. 

A specific example will serve to fix the order of magnitude of the 
quantities involved in this process. For a pulse-power input of 100 k \\, 
the 2.132 (see Fig. ITl) delivers about 40 kw to its load, or about 
1.3 X 10“^ joule per cycle, as the frequency is 3000 Mc/sec. Under 
these conditions, about 10~^ joule is stored in the resonant system, anil 
this energy results in an r-f voltage at the anode surface of about 10 kv. 
About 55 per cent (or 45 k^v) of the input power is lost bei'ause of heating 
of the anode by the electrons, and 5 per cent (5 k^^) is lost because of 
heating of the anode by the circulating r-f currents. 

A good resonant system should have characteristics that make the 
operation of the magnetron as stable as possible. This includes stability 
against small changes in frequency and stability against discrete fre¬ 
quency jumps and constitutes one of the major problems of magnetron 
design. 

The entire resonant system presents a problem too complicated for 
qualitative analysis, and it is usually assumed that only the anode block 
and output circuit affect the operatl^^n of the magnetron. Although 
this assumption is not always justified, as other parts of the magnetron 
may, indeed, affect its operation, it has usually been possible to isolate 
their effects and consider them as sj^ecial problems. The discussion 
here of the resonant system as well as the more detailed treatments in 
C%aps. 2, 3, and 4 follow this procedure. 

LThe so-called hole-and-slot anode block, shown in Fig. (ITO and Fig. 
I ll), will be used as a specific magnetron about Avhich the following 
discussion Avill be centered. When operating in the desired manner, 
oscillations result in a disposition of charge and electric field, as is illus¬ 
trated in Fig. 1*13. Figure lT3a illustrates such a disposition at an 
instant when the concentration of charge on the ends of the anode seg¬ 
ments is at maximum. One-quarter of a period later the electric field 
and charges have disappeared and currents are flowing around the inside 
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of the cavities, producing a magnetic field along the hole portion of the 
cavities. Figure 113b depicts the currents and fields at this instant; 
Fig. l-13c shows the disposition of charges and electric fields another 
quarter period later. 



n=l 


n =2 





n=3 n=4 

Fib. 1-14. Field and charge distributions for the four principal modes of an eight-oscillator 

magnetron. 

Oscillations of this character are called 7r-mode oscillations from the 
fact that the phase difference between adjacent resonators is tt. Other 
modes are possible, however, and each is characterized V)y varying phase 
differences among the eight coupled resonators that comprise this 
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particular resonant system. The number of possible modes is reduced 
by the fact that the resonator system is a closed one and the total phase 
shift around the resonator system must be a multiple n of 2wj where n 
is called the mode number. For an eight-resonator magnetron, the 
important modes are n = 1, 2, 3, 4. In general n = 1, 2, 3, ■ ■ * , N/2 
where N is the number of resonators. The phase differences between the 
resonators in the example chosen for n = 1, 2, 3, 4 are 7r/4,7r/2, .37r/4, and 
TT. The charge and electric field distribution for these modes is illustrated 
in Fig. 1T4. In principle, one would also expect modes corresponding 
to n > N/2 in which the phase difference between resonators is some 
multiple of tt corresponding to harmonics of the individual resonators. 
These modes apparently are unimportant to the operation of magnetrons 
and have only rarely been observed. Figure 3‘7c^ shows the charge 
distribution for this harmonic type of oscillation. 

A more serious complication arises from the tj^’ofold degeneracy of 
some of the AV2-modes discussed above. The amplitudes of oscillation 
of the separate resonator segments may be considered as points on a 
closed standing-wave pattern containing a number of wavelengths equal 
to the mode number. The degenerate forms of each mode correspond 
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quency is a function of the product LC, it is possible to represent one 
resonant cavity by a conventional parallel resonant circuit whose fre¬ 
quency is given by / = (l/ 27 r)(l/\/LC). Considering the frequency of 
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Fio. 115.—View from the cathode of an opened-out magnetron showing the mag¬ 
netic fields and charge distribution for the four principal modes each with its two degenerate 
forms. 

the resonant system as a whole, it should be noted that the anangement 
of these cavities is such that for the desired or 7 r-mode of operation, 
their individual C’s and L^s are all connected in parallel. Thus 
the effective capacitance for the whole magnetron oscillator is NC and the 
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effective inductance is L/AT, where N is the number of resonators. The 
frequency of the magnetron is thus nearly that of an individual resonator. 

The frequencies of the various modes will, in general, differ. This 
may be seen by referring to Fig. 1-14 and observing that the distribution 
of charge for the various modes is not the same and thus the effective 
capacitance for the various modes will be different. The same could 
be said with regard to the currents and effective inductances, so that 
different frequencies are to be expected. Unfortunately, the difference 
in frequencies of the modes, or mode separation as it is c.alled, is not so 
great as is desirable. A separation of 5 to 20 per cent between the 
desired mode and the nearest one to it 
is needed. 

Figure 1T6 shows the effect of 
strapping on the wavelengths of the 
modes of an eight-oscillator 10-cm mag¬ 
net roll. Wavelengths for an un¬ 
strapped tube are shown, and it is seen 
that the tt or (/i = 4)-mode has a 
separation of less than 2 per cent from 
the (m = 3)-mode. The fretiueneies 
of these modes depend upon the height 
of the end spacers, but for practical 
structures they are always iiuitc close 
together. As a further complication, 
each of these modes, except the 7r-morle, is a close doublet. Chapter 2 
deals with the problem of the unstrapped resonant system in detail. 

The effect of adding straps to an unstrapped resonant system is to 
increase the separation of the tt- or {n = A/2)-mode from its nearest 
neighbor, usually the [N/2 — l)-mode. In Fig. 116, the mode spectrum 
of a single-ringed strapped magnetron is shown. The 7r-mode separation 
is now seen to be over 10 per cent. Even greater mode separation is 
possible if larger or more straps are introduced. Several forms of 
strapping are shown in Fig. 4T. 

The explanation of the effect of strapping can be made in several 
ways. The simplest is to conceive of the strap as maintaining 7r-modo 
oscillations by tying together points that for this type of oscillation 
remain at the same potential. A more sophisticated explanation arises 
from a consideration of the effective capacitance and inductance of the 
straps for the various modes, [^or 7r-mode operation the concentration 
of charge on the strap is a maximum and the effective capacitance of the 
strap is relatively large. For any other mode the potential difference 
between adjacent segments will be less, resulting in less charge on the 
strap and thus decreasing the effective capacitance that it contributes to 
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the resonant system. Also, for other modes, currents will flow along the 
entire strap, decreasing the effective inductance of the resonant cavity. 
Thus the straps present both a reduced capacitance and a reduced induct¬ 
ance for all non-TT-modes, and the frequency of these modes is increased 
with respect to the 7r-mode. A detailed quantitative analysis of strapped 
resonant systems is given in Chap. 4. Certain types of magnetrons, par¬ 
ticularly low-frequency and low-pow'er ones, have a good mode separation 
even without straps. In these cases strapping does not improve their 
performance, but in general the increase in stability and efficiency resulting 
from strapping is so great that straps are considered essentiaS The addi- 



1-17.—C'rnM,s-HO<!tiiHial views uf riaiiig-aiiii maj^nctron. 


tion of straps to the original British magnetron resulted in a major improve¬ 
ment in performance. A great deal of the erratic changing of the mode of 
oscillation characteristic of the unstrapped tube ^vas eliminated; the 
efficiency was improved; and operation at higher-power levels was possi¬ 
ble. For example, the early British unstrapped magnetrons operated 
very unstably, had efficiencies ranging from 15 per cent to 40 per cent, and 
were prone to erratic mode shifting, while the strapped variety showed 
efficiencies consistently above 35 per cent and, over a considerable 
range of input conditions, rarely shifted modes. 

At high frequencies (above 10,000 Mc/sec), straps become quite 
amkll and mechanically difficult to incorporate into the magnetrons. 
In addition, their small spacing results in large copper losses and thus 
lower magnetron efficiencies. Adequate mode separation in these high- 
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frequency tubes is still essential. rising-sun magnetron is a most 

successful anode-block design for producing good mode separation at 
high frequencies that does not possess the disadvantages of strapping. 
Examples of this design are shown in Fig. 1-17. The essential features 
of the rising-sun design are the alternately large and small resonators. 
When oscillating in the desired mode the charge on the segment ends is 
alternating plus and minus, as shown in Fig. 3-7a, and the frequency is 
intermediate between that of a large and a small resonant cavity. The 
r-f voltage across the large cavities is larger than that across the small 
cavities, and as a result the r-f fields extending into the 
interaction space from the segments are not uniform, as 
shown in Fig. 1T3, but alternate between some large and 
small values.'fortunately this interaction-space field 
appears to be nearly as efficient as a uniform one. The 
peculiar mode spectrum of a typical rising-sun anode 
block is shown in Fig. T18. As an example an 18- 
resonator magnetron is chosen because one of the main 
ajlvantage s of the rising-sun design is its effectiveness 
when a large number of cavities is needed. 

I The difference between the mode spectrum of a 
strapped resonant system and a rising-sun system is 
conspicuous. The desirable operating mode in both 
cases is the N/2- or 7r-inode, but in the strapped system 
the TT-mode is the longest wavelength, while in the rising- 
sun system the ir-mode lies between groups of modes at Wayeleuirth distri- 
I a longer and shorter wavelength. Optimum separation principal modes of 
between the 7 r-mode and the long and short wave-length is-oaciiiator ris- 

neighbors, which in general should not be the maximum a” ratio^*^ o*f 

possible, is obtained by adjusting the ratio of the fre- cavity depth ri = 
quencies of the large and small cavities or by other 
means such as closing off the ends of the anode block (Fig. HT2), 
The explanation of this mode spectrum is given in Chap. 3 in terms 
of an equivalent circuit and also by field theory methods. This mode 
spectrum can be visualized by considering the rising-sun anode block as 
consisting of two resonant systems, one comprising the small cavities 
and the other the large cavities. Each of these systems by itself Avould 
have the type of mode spectrum of an unstrapped anode block with N12 
resonators. Some coupling exists, however, between the corresponding 
inodes of these tw o systems, and the resulting frequencies differ from those 
of the isolated systems by an amount that depends on the degree of 
coupling. In Fig. 1T8 the modes numbered 1 to 4 correspond to the 
first four modes of the nine large resonator s, and the modes numbered 
8 to 5 correspond to the first four modes of the nine Ithjge resonators. 
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Weak coupling exists between 8 and 1, 2 and 7, etc., and their frequencies 
are thus only slightly altered. The coupling between the 7r-modes of 
the two systems is strong, however, and they combine to produce the 

operating or (n = 9)-mode inter¬ 
mediate between the two sets of 
modes and an {n = 0)-mode whose 
frequency is zero. J 

Associated with the 7r-mode of 
a rising-sun resonant system there 
is a net r-f current circulating 
around the entire anode with the 

Fig. 119.—CurrcntH in oscillators of Same frequency as the TT-mode. 

rising-sun magnetron showing origin of SOUrCC Of this net circulating 

circulating current. 

current may be seen in Fig. IT9. 
The r-f currents in the large cavities exceed those in the small ones as is 
shown by the length of the arrows in each cavity; as the large cavity cur¬ 
rents are always in the same direction around the anode, a net circulat¬ 
ing current results. The direction of this at the moment chosen is shown 
by a dotted arrow. 

This circulating current can 
reduce the efficiency of the mag¬ 
netron if the magnetic field is such 
that the cyclotron frequency of 
the electrons, as given by Eq. (1), 
is close to that of the magnetron. 

Finally mention should be 
made here of some of the various 
forms of resonant systems that 
have been investigated. By far 
the most usual and successful type 
is that exemplified by the original 
British design (see Fig. TH), and 
the related rising-sun design. 

Another type that has been the 
subject of considerable experi¬ 
mentation but is not generally 
used is shown in Fig. T20. The 
essential distinction between this 
and the more usual cavity type is 
that r-f currents flow axially along 
the segments instead of the predominantly radial currents of the conven¬ 
tional cavity type. Many variations of this basic design have been tried, 
but none has been found to possess any advantage over the cavity type. 



Fiu. 1-20.—MagiiDti'oii aur)dp blnrk having 
large axial r-1 cuiToiitu. 
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Other forms of resonant systems have been investigated, but in most 
rases they were found unsatisfactory. Examples of suet attempts are a 
linear resonator system and the so-called '‘inside out*' magnetron in 
which the cathode surrounds the anode block. In both these designs, 
oscillations in the desired mode were not obseiwed. The performance 
of all these various types of resonant systems ha/been poor in comparison 
with the cavity type. That this is due tef some basic reason seems 
unlikely; it is more likely a consequence of the fact that the designs have 
not received the attention given to the cavity type. In any event, no 
further mention will be made of them. 

I'B. The Cathode. —The cathode plays a much more important role 
in the operation of magnetrons than does the cathode of any other 
form of tube. In addition to being a source of electrons, a magnetron 
cathode must dissipate the relatively large amount of heat resulting 
from back-bombarding electrons. By means of so-called "end shields" 
it must prevent the axial escape of electrons from the interaction space, 
and these end shields should not emit electrons. The cathode is also 
part of the resonant system, as r-f currcuits are induced on its surface. 

As a result of back bombardment, wide changes in the cathode tem¬ 
perature occur between starting and operations conditions which com¬ 
plicate the problem of emission. In pulsed tubes not only do these 
changes in temperature occur, but extremely high peak currents are 
extracted from the cathode. Current densities of from 10 to 100 amp 
per cm^ are obtained from oxide cathodes, depending on the pulse length 
iind other conditions. 

The size of the cathode must be held within close limits so that 
electrons are released to the space charge at a point where the r-f field 
conditions arc proper for the efficient functioning of the space charge. 
Too small a radius J esuits in mode instabilities; too large a radius results 
in inefficient operation. The optimum size in most cases is such that 
rcAfl equals or slightly exceeds (AT — 4)/{N + 4), w^here and Ta are 
the cathode and anode radii and N is the number of resonators. The 
end shields may be small if they are located within the anode block and 
must increase in size as the distance above the anode is increased. No 
definite specifications are possible, as the curvature of the magnetic field 
at the ends of the anode also contributes to preventing the escape of the 
electrons. 

It is not surprising in view^ of these manifold requirements that the 
cathode constitutes a major source of trouble and in nearly all cases is 
the single element that determines the life of the magnetron. 

Oxide cathodes in one form or another have been used in nearly all 
pulsed and many c-w^ magnetrons. They are used in pulsed magnetrons 
because of their ability to emit very large currents under pulsed operation. 
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They are used in low-power c-w magnetrons because oxide cathodes are 
more efficient emitters and do not involve large heater currents that 
interact with the fixed magnetic field. The usual emission troubles are 
encountered, particularly in very high or very low power magnetrons 
where the back-bombarding electrons are not in the energy range for 
efficient production of secondary electrons. 

In pulsed magnetrons sparking (the generation of bursts of gas) 
is a serious problem. The cathode is probably not wholly responsible 
for this phenomenon, but local vaporization of the oxide coating is 
observed, accompanied by the ejection of small pieces of the coating. 
The cathode is thus presumed to be a major source of trouble. The 
frequency and severity of the sparking is increased at high voltages and 
high-current densities, but extremely low current densities must be used 
to reduce the sparking rate essentially to zero. The emission and 
sparking of oxide cathodes is ('onsidered in detail in Part I of C'hap. 12, 
together with an account of some preliminary investigations on thoria 
cathodes. Part II of Chap. 12 deals Avith the problems of cathode 
design. 

*^1-6. The Space Charge. —An electron in the interaction space of a 
magnetron is acted on by a constant magnetic field parallel to the axis 
of the cathode, a constant radial electric field resulting from the applied 
d-c potential, and the varying electric field extending into the interaction 
space from charges concentrated near the ends of the anode-block 
segments. Under these conditions the electron is part of a space charge 
Avith extreme variations in density, and the resulting problem is one of 
considerable complexity which is understood only in a qualitative Avay. 
No analytical expressions relating such quantities as current, d-c voltage, 
r-f voltage, and magnetic field have been obtained. The qualitative 
theory is presented here in outline. A more comprehensive rcAueAv of 
the whole problem of magnetron electronics is found in Chap. 6. 

Consider the simple case of a single electron in the interaction space 
of a magnetron in the absence of any perturbing r-f fields. In crossed 
magnetic and electric fields, there is a force — eE due to the electric field 
and another, {e/c)v X B, due to the magnetic field, Avhere E and B are 
the electric and magnetic field strengths, e and v are the charge and 
velocity of the electron, and c is the velocity of light. The resulting 
motion shoAvn in Fig. 1-21 is approximately represented by superposing 
a sloAV rotation around the cathode at nearly constant radius J2o (the 
rotation) and a faster circular motion with a smaller radius ro (the 
ro rotation). The resultant of these two motions corresponds roughly 
to the motion of a point on the circumference of a wheel as it rolls around 
a circle somewhat smaller than the cathode in such a Avay that its center 
moves in a circle of radius R^. The speed of the sIoav i?o rotation is given 
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Fig. 1-21.—Path follftwed by a single clecitron 
in a nonnscillatiiig magnetron. 


approximately by the ratio E/B. The fast ro rotation corresponds to 
the cyclotron frequency and is thus determined by B alone; its angular 
velocity is wq = eBim. Although the angular velocity of this ro rota¬ 
tion is constant, the magnitude of ro depends on the initial kinetic energy 
of the electron and may vary for 
different electrons. The maxi- 

mum distance that any electron J \ _ ^ 

can proceed toward the anode 

{R\) + ro) in the absence of r-f \ \ 

oscillations is fixed by the ratio ^ / _ \ ^ 

E/B and for good ppeialing con- C \ K 

ditiqns is made to be about half of — I f \ \ —/ 

the way from cathode to anode. —\ I /Rq J ^ i—\ 

This description of the path of / X 

a single electron is exact only for J / ^ 

the case of small ro and has little ^ \ \ 

significance when normal space- 

charge conditions exist. It is i__ I 

given, as it assists in understand- 

ing the interaction of the electrons folhmBd by a single eleetron 

,, ,, 1 i ■ r 1J a nDneacillatiiig magnetron. 

With the alternating electric fields. 

In an oscillating magnetron, these electrons pass through the r-f 
fields, shown in Fig. 1-13, and a change in their velocity results. A 
somewhat surprising fact is that those electrons which are speeded up 
have their curvature increased and return to the cathode while those 

which are slowed down have their curvature 
reduced and move out toward the anode. 

_A"o make this appear reasonable, consider 

^ the situation shown in Fig. 1-22. An electron 

^ u>— moves through crossed, uniform electric and 

magnetic fields with a velocity v that is normal 
to E and B. The force equation under these 
^~'b conditions is 

' u-f T' = + -R ’ 

Via. 1-22.— Paths of elec- where R is the radius of the orbit of the elec¬ 
trons in crossed electric and ti'ons {R is positive for orbits curving down), 
magnetic fields. Where the path of the electrons is a straight line, 

the condition is obtained by letting R = ^ . Equation (4) then reduces to 

(5) 

Inspection of Eq, (4) also shows that for v < Ec/B the electromagnetic 


-f 




Fib. 1-22.—Paths of elec¬ 
trons in crossed electric and 
magnetic fields. 
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force will be reduced and the electrons will be deflected in the direction 
of the electric force. For v > Ec/B, the deflection will be in the direction 
of the magnetic force. The deflection that an electron siifTers in this 
example when speeded up or slowed dowm thus corresponds to what 
happens in a magnetron, and it is significant that the operating conditions 
are ones for which v ~ Ec/B. 

The separation of the fast and slow electrons for an actual magnetron 
is shown in Fig. 1-23. Consider an electron at point A at the instant 
for which the fields are as shown. The r-f field at this point tends to 



Fio. 1-23.—Patha followed by electroiia in oseilhitirig magnetron. 


speed up the electron. As it speeds up, the curvature of its path is 
increased, and it will move along a path corresponding to the solid line and 
strike the cathode with appreciable energy. This electron is thus 
removed from the space charge and plays no further role in the process 
except perhaps to produce a few secondary electrons from the cathode. 
An electron at point 5, however, is in a decelerating r-f electric field. As 
a result of the reduction in its velocity, the curvature is reduced. If 
the frequency of oscillation is appropriate, this electron will always be in a 
decelerating field as it passes before successive anode segments. The 
r-f phase shown in Fig. 1-23 is correct only when electrons A and B are at 
the points indicated. The result is that the electron eventually strikes 
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the anode following a path of the type shown. Because of retardation by 
the r-f field, this electron gives up to the r-f field a large pd-rt of the energy 
gained in its fall through the d-c field to the anode. 

Since the electron moves from the cathode to the anode in a very 
small number of oscillations, the condition that the electron keep step 
with the variations of r-f oscillations, in its course around the cathode, 
need not be exactly satisfied. Electrons, once in step with the r-f field, 
remain in this state long enough to get to the anode even if their angular 
velocity is not exactly correct. This explains why the operating condi¬ 
tions of magnetrons are not very critical with respect to the magnetic 
field, input voltage, or other quantities that might affect the velocity 
of the electrons. 

Appreciable energy is associated with the ro rotation. This motion 
takes place, however, in a substantially constant r-f field, since the 
rotation keeps the electron in step with the variations of the r-f field. 
As a result, the r-f field has little- effect on the energ}^ associated with 
the 7’n rotation during the last part of the trajectory. 

This qualitative picture shows how those electrons whose initial 
phase relationship is such that they absorb energy from the r-f field 
are eliminated at once from the space charge. This is the result of the 
fact that such electrons strike the cathode in the course of the first rn 
period. On the other hand, electrons that leave the cathode at such a 
time and place that they transfer energy to the r-f field continue around 
the cathode in a cycloidal path which expands toward the anode, trans¬ 
ferring to the r-f field the energy that they gain from the d-c field. 

In addition to describing the paths taken by individual electrons in 
the interaction space, it is helpful to consider the behavior of the space 
charge as a whole. In the absence of r-f fields, the space charge forms a 
lotating cylindrical sheath around the cathode. Under the influence 
of the r-f fields, following the reasoning above, the electrons in this 
space charge that are in an accelerating r-f field travel back toward 
the cathode, while those in a decelerating r-f field travel toward the anode. 
As a result the rotating cylindrical sheath is distorted (for an eight- 
oscillator magnetron) into a smaller cylinder with four spokeUke ridges 
running parallel to its axis. The configuration taken by the space 
charge is shown in Fig. 1-24. This space-charge configuration rotates 
with an angular velocity that keeps it in step with the alternating r-f 
charges on the anode segments, and the ends of these spokes may be 
thought of as brushing by the ends of the anode segments and thus 
transferring charge from the cathode to the anode. 

These spokes of space charge are rather narrow and have fairly sharp 
boundaries. This is a consequence of the focusing action of the r-f fields, 
the nature of which may be seen by considering Fig. 1-25. Here one of 
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tually returning it to the spaee-eharge spoke. The converse is true for 
an electron that lags corresponding to point b. When the space-charge 
spoke is opposite a segment, the direction of the r-f field is such that this 
focusing action would not take place, but at this moment the intensity 
of the fields is zero, and the net effect of the fields on the rotating space 
charge is to produce the focusing action mentioned. 

The r-f current set up in the oscillators is principally a displace¬ 
ment current produced by this rotating space charge. As the spokes 
of space charge pass in front of an anode segment, a positive charge is 
induced on its surface. Half a period later, this positive charge has 
flowed around the back of the two adjacent oscillators to the two adjacent 
anode segments, and the spoke of the space charge has rotated to a 
position in front of the next anode segment. 

In addition tt) these displacement currents, conduction currents are 
produced by the flow of electrons from space charge to the anode. These 
electrons, however, arrive at the anode at such a time as to constitute a 
conduction current 90° out of phase with the r-f voltage and thus do not 
contribute energy to the oscillations. 

‘ 1'7. D-c Voltage Magnetic-field Relationship.—The concepts dis¬ 

cussed in Secs. T4 and T6 lead to a simple expression relating the operat¬ 
ing voltage V, the magnetic field fi, the wavelength X, and the anode and 
cathode radii, respectively Va and r^. Again as an example the magnetron 
shown in Fig. 1-10 is chosen. For efficient operation of the magnetron 
V and B must be such that the angular velocity of the electron keeps 
pace with the changes in phase of the resonators. Thus an electron 
must move from a point opposite any segment to a point opposite the 
next in one-half a period. Assuming that the electron is intermediate 
between the cathode and anode this distance is 

2ir (va -\- r A 

N \ ~~2 } 

where N is the number of resonators. The velocity miust then be 



where / is the frequency of the magnetron. Introducing the mode 
number 

n = — and Xo = ^ 

^ J 

irc(ro + r^) 

^ nXo 


(6) 
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From Eq. (5) the velocity of the electron is given by v = Ec/B\ and if 
one makes the simplifying assumption that the field E is given by the 


relation E = V/(r„ — r^), 


Vr 

" ~B{ra - r.) 

(~) 

Ecluating (6) and (7) gives 


II 

e ' 

1 

(8) 


If this problem is solved rigorously, Eq. (8) becomes 


V 


- (• 

nXo 


2 _^2) 

“ V enXo 7 


( 9 ) 


which is of the same form as Kti- (8), Sec. l-l, developed by Posthumus. 
Equation (9) reduces to 


r volts. 

rin \ /to / 


( 10 ) 


This voltage (which is a linear function of B) is knoun as the Hartree 
voltage after Hartree^ who developed this theory. This voltage is that 
at which oscillations should start provided at the same time that B is 
sufficiently large so that the undistorted space charge does not extend 
to the anode. 

Figure T26, which is known as a Hartree diagram, explains the 
situation. This is a plot of Eq. (10) together with that of the Hull 
cutoff parabola given by Eq. (2). This diagram is based on the mag¬ 
netron shown in Fig. TIO. To the left of the cutoff parabola no oscil¬ 
lations occur as ordinary anode current is drawn. To the right of this 
parabola no current flows unless oscillations exist to distort the space 
charge until it touches the anode. This distortion is dependent on the 
existence of the proper electron velocities just discussed, and therefore 
current flows only when V and B correspond to a point near one of the 
straight lines representing the different values of n. Note that as n 
decreases, the electron must travel a greater distance around the cathode 
in one period and thus a larger E/B is required. This is evident from 
the {ii = 3)- and (n = 2)-lines Avhose position w^as calculated assuming 
the same wavelengths as the (n = 4)-mode. Considerable departure 
from these lines is observed experimentally as a result of drawing large 
currents. The dotted lines above and parallel to the (n = 4)-line show 
the order of magnitude of tliis effect for different currents. 

Important relationships among X, F, B, and can be obtained from 
the formula for the cutoff parabola Eq. (3) and the Hartree resonance 
formula Eq. (10). Assuming a constant ratio rcAo, consider the effect 


^ Hartree, CVD Repnirt. 



Si-t 1-71 D-C VOLTAGE MAGNETIC-FIELD RELATIONSHIP 


31 




Tib 1 27—An array of anode blork'^ of different wavelength and power output Top 
low 10-f in pulse power 2500 to 0 I kw second row 3 2 cm, pulse power 600 to 0 025 , 

single block and inseit 1 25 tin 80 kw 
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of keeping B and X fixed and varying ra. In Eq. (9), V is proportional 
to rly 90 that operating conditions remain unchanged if the operating 
voltage is increased proportional to the square of the anode radius. 
This relationship is illustrated in Fig. 1 -27. The upper row are all 10-cm 
anode blocks which have operating voltages of 50, 25, 15, 5, and 1 kv, 
respectively. The reduction in anode diameter with voltage is evident, 
although the number of resonators is not the same for all of these blocks 
and some allowance must be made on this account. The second row 
shows a corresponding series of 3.2-cm anode blocks whose operations 
voltages are 30, 20, 5, and 2.5 kv. 

It may be seen from the same equations that if V is kept constant, 
ra must vary roughly as Xo and B as 1/Xo in order to preserve equivalent 
operating conditions. A simplified proof of these relationships is possible, 
neglecting the final term in Eq. (10) which, in general, is small compared 
with B the product (rj — rl)B ~ X. Since ra/r^ is assumed constant, 
rlB ^ X and from Eq. (3) Sec. 1 

VaB = const. 

CJombining the two proportionalities giv^es the static proportionalities 


and 



Two major difficulties in making vpi y short waveleng th magnetrt)ns 
are inherent in these expressions: The cathode ai^d anode become exces- 
sively s malLandjtlm r equirem en ts fo r m agnet m^ elds exces sively HighT 

1-B. Component Modes. —In Sec. T4 the modes of the^Tesdninrt" 
system are discussed; and if longitudinal oscillations are excluded, the 
number of these modes is stated to be iV — 1, each of which is charac¬ 
terized by a certain field distribution and frequency. The most effi¬ 
cient process is based on the equality of the angular velocities of the 
rotating space charge and rotating r-f fields. Another possibility is 
the excitation of a mode by the interaction of the space charge with 
one of the components of the r-f field rotating less rapidly than the 
fundamental. 

These components of the fundamental mode patterns are associated 
with the fact that the variation in intensity of the r-f field around the 
anode is not sinusoidal. The nonsinusoidal spatial variation can be 
represented by a sum of Fourier terms, each of which corresponds to a 
closed rotating wave containing a number of cycles, or complete periods, 
different from the fundamental and rotating with a different velocity. 
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These components are limited, according to Hartree,f to those which 
contain a number of complete periods around the circumference, given 
by the relationship 

7 = n + mN, (11) 


where m is a whole number, n the mode number of the fundamental, 
and N the number of resonators. The angular velocity of these compo¬ 
nents is given by 


i 


2irf 

-j 

T 


( 12 ) 


where/ is the frequency. Equation (11) applies only to the case of the 
symmetric anode block, whether it is strapped or not. 

These components have a physical significance. If the electrons 
forming the undistorted space charge have angular velocities close to 
that of one of these components, the effect of the r-f field will be cumula¬ 
tive and the space charge wdll be distorted into the form shown in Fig. 
T24, but with a number of spokes equal to y. The field of the compo¬ 
nents (or fundamental) that have a different angular velocity will not 
remain in phase with the electrons, and its effect will average out after 
a few cycles. 

Table IT shows the values of y for the important components of the 
four modes of an eight-resonator magnetron. Negative values of y mean 
that the component is rotating in a direction opposite to the fundamental 
and values of y for rn = 0 correspond to the fundamental field pattern 
of the modes. 


TahivK 11.—Values of 7 (Number of Cycles) fob Certain Components of the 
Four Principal Modes of an FiiOHT-HESONATOR Magnetron 
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Since for every value of n there is a fundamental rotating in both 
directions, producing the familiar standing-wave pattern, there are two 
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complete sets of components each rotating in opposite directions. This 
is implied by the ± sign in Eq. (12). 

Although the number of components is infinite, only values of y 
for ±m up to 2 are given, since higher values are of no practical impor¬ 
tance. Actually, mode excitation in the case of symmetric resonant 
systems has been observed only for the (m = — l)-component. The 
unimportance of higher m values is probably due to the fact that they 
are necessarily associated with large values of \y\ and that the falling 
off in intensity of these components is proportional to (r/r^y. Moreover 
large y values give rise to values for the y\ product considerably larger 
than that of the 7r-mode and require different operating conditions. 

The nomenclature y/n/N has been adopted to designate first the y 
component responsible for the excitation of the mode number n in a 
magnetron having N oscillators. Thus the 7r-mode in an eight-oscillator 
magnetron, when excited through its fundamental, is represented by the 
symbol 4/4/8, and the (n = 3)-mode when excited by its fundamental by 
3/3/8. If the (n = 3)-mode is excited through the (y = — 5)-compo- 
nent, it is designated by 5/3/8. The 3/3/8 and 3/5/8 modes have 
identical frequencies and r-f characteristics. 

In unstrapped magnetrons and less frequently in strapped magnetrons 
component excitation of unwanted modes is a source of considerable 
trouble. Difficulties are most likely to arise when the product yX for 
the TT-mode and an unwanted mode are nearly equal, as under these 
conditions both have the same angular velocity and may be exciter! by 
the same rotating space charge. The 2J32 (Fig. 110) is a good example. 
This tube has a tendency to oscillate during occasional pulses in the 5/3/8 
mode. It is significant, however, that increased strapping of this tube, 
which decreases the wavelength of the (n = 3)-resonance with respect 
to the (n = 4)-resonance, resulted in mode changing by making the 
yX’s for the two modes more nearly equal. This problem is considered 
in detail in Chap. 8. 

In rising-sun magnetrons an extension of these principles must be 
made due to the two sets of resonators. The mode spectrum (Fig. 
1T8) shows that the coupling between these two sets of resonators is 
small except for the 7r-mode and (in considering the interaction of the 
field components of the modes with the space charge) that the modes 
associated with large and small sets can practically be treated separately 
as though each consisted of a resonant system consisting of N/2 oscilla¬ 
tors. Equation (1) then becomes , 


y = n ± m —■ 
2 


( 13 ^ 


When applying this relationship to the long- and short-wavelength 
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group shown in Fig. 1-18, the resonances marked n = 8, 7, 6, 5, 4 should 
be assigned the values nf = 1, 2, 3, 4, respectively. Table T2 gives 
the values of y for significant m^s for a typical rising-sun magnetron 
shown in Fig. 1-17 having 18 oscillators. Both long- and short-wave- 


Table 1-2. —Values of y from Eq. 3 for Ribing-bun Magnetron with N — 



length resonances are observed to compete with (n = 9)- or 7r-mode 
operation. 

Excitation of the long-wavelength resonances occurs through the 
(m = — l)-component, as these give y values such that the yX^s may be 
close to the value of yX for the 7r-mode (the X^s are larger, and the y 
smaller). From Table 12 it is seen that components for values of m 
other than m = — 1 need not be considered, as the yX product ivill not 
be close to the yX for the 7r-mode for the longer-wavelength set. 

Excitation of the short-wavelength resonances can, on yX product 
consideration, occur through the (m = ± l)-component. Here the yX 
product may appi oximate that of the 7r-mode, sinc:e the X's are shorter 
and the y's larger than the 7r-mode values. Actually only the components 
of {n' = l)-mode have ever been observed to interfere with 7r-mode 
operation. 

The theoretical basis for these results is found in Sec. 3-2, and its 
application to practical magnetron design is considered in Sec. 11-6. 

1-9. Efficiency and Frequency Stability. —The uses to which a magne¬ 
tron is put are usually such that it is desirable to attain both high effi¬ 
ciency and high-frequency stability against changes in load and changes 
in input conditions. These objectives are not consistent, and most 
magnetrons represent a compromise between efficiency and stability 
that depends on the particular application. The problem is a most 
important one in magnetron design. 

For any given frequency, a variety of oscillator configurations is 
possible corresponding to different oscillator impedances of L/C ratios, 
and the efficiency and frequency stability desired determine the proper 
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oscillator impedance to use. Figure 1-28 shows three forms of oscillators 
arranged in order of increasing impedance.^ 

The efficiency rj with which a magnetron converts the input powei* 
into r-f power at the output (cathode power is excluded) is given by 
7 / = (power input—losses)/power input. The losses arise from the 



(a) (ft) (c) 

FiS. 1-28.—Three common types of maKnptron cavities: (a) slot; (f>) hole and slot; (c) vane. 

bombardment of the anode by the electrons and from the circulating r-f 
currents producing I^Ii losses in the copper and other materials. To 
distinguish these two sources of energy loss it is customary to express the 
over-all efficiency ?/ of a magnetron as the product of the electronic 
efficiency rje and circuit efficiency rjcOrt] = rj^rjc. The electronic efficiency 

is defined as the fraction of the 
input power that is converted into 
r-f power within the anode block, 
and the circuit efficiency is the 
fraction of this r-f power which is 
transmitted to the load. The prob¬ 
lem of high efficiency may then 
be restated as one of making the 
product 7}^T]s a maximum. 

Both Tjc and are affected by 
the impedance of the oscillators, 
but in different ways. The circuit 
efficiency t/c is highest in high-im¬ 
pedance oscillators such as shown in Fig. l'28c, since the circulating cur¬ 
rents are less. In Chap. 4 it is seen that the electronic efficiency rir depends 
on the r-f voltage across the oscillator gaps in such away that maximum 
occurs at a lower r-f voltage than can usually be obtained in actual 
operation, and the problem of increasing tj,, is therefore one of reducing 
the r-f voltage for a given power output. The r-f voltage can be reduced 
either by decreasing the oscillator impedance (decreasing L/C) or by 
coupling the system strongly to the load so as to reduce the amount 

^ It should be remarked that the straps of a magnetron also affect the oscillator 
impedance, but for the sake of brevity they are not considered here. 



Fig. 1-2.9.—Efficienries as a function of 
oscillator impedance 7c. 
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of stored energy. The most efficient oscillator configuration is that 
compromise between a high-impedance oscillator giving high and a low- 
impedance oscillator giving high 7)^ Avhich gives a maximum r}c7jf In 
Fig. T29 two curves show the manner in which and vary with 
oscillator impedance. A third curve shows how tj varies, and the opti¬ 
mum impedance is indicated by P. 

Increasing the loading of the magnetron generally increases its 
efficiency. Only rarely can the loading be made so heavy that a decrease 
in efficiency results because the r-f voltage is reduced below the optimum 
value. It is usually necessary to place a lower limit on the frequency 
stability, and this requirement alters both the loading and resonator 
impedance values corresponding^ to maximum efficiency. Heavy 
loading means closer coupling between load and magnetron, and this 
makes the magnetron more sensitive to load changes; in other Avords, 
it reduces the frequency stability. A high-impedance oscillator also 
has less stability against load changes than a low-impedance one. The 
determination of the oscillator impedance and loading to satisfy given 
requirements for frequency stability and provide maximum efficiency 
is given in Chap. 10. 

In addition to providing resonators with the proper frequency and 
impedance, the anode block should provide suitable mode separation, 
reasonably uniform r-f voltages across the different gaps, and adequate 
thermal conduction away from the anode surface and have a configuration 
that it is possible to construct. 

Further interpretation of the Hartree diagram is made in the folloAving 
section in connection with a discussion of performance charts. 

(^1-10. Performance Charts and RLeke Diagrams. —For the interpreta¬ 
tion of microwave magnetron performance it is necessary to make 
observations that are not usually made at lower frequencies Avith con¬ 
ventional types of tubes. The reasons for this are that at the frequencies 
considered the concept of lumped circuit constants breaks doAAm and also 
because the magnetron is inseparable from its oscillating circuits. As a 
result of experience, particularly Avith pulsed magnetrons, it has been 
found convenient to present operational data by means of tAAm charts 
discussed here. 

Four parameters determine the operation of a magnetron: tAvo asso¬ 
ciated Avith the input circuj^ and tAVO AAuth the output circuit. A typical 
set is the magnetic field current /, the conductance G, and susceptance 
ff^associated Avith the r-f load on the magnetron. The observed quanti¬ 
ties are three in number, usually poAver P, Avavelength X, and voltage V. 
The problem of presenting these observed quantities in terms of the four 
parameters is greatly simplified by the fact that the input and output 
parameters operate nearly independently of each other. Thus, it is 
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possible to keep G and B (the load) fixed and study the effect of H and / 
on P, X, and V with the assurance that the nature of the results will not 
be greatly altered by changes in G and B. Conversely, H and I (the 
input) may be fixed, and the effect of G and B on P, X, and V observed. 
The “performance chart” shows the relationship among H, I, V, P, 
and X for constant load, and the “Rieke diagram” shows the relationships 
among G, R, P, X, and T for constant I, 

Performance Charts .—Figure 1-30 is a performance chart for a typical 
pulsed magnetron (4J31) with a frequency of about 2800 Mc/sec. 



Fig. 1-30.—Typical pBrformancB chart of a magiiDtroii (4J31). 

It has been customary to plot V in kilovolts along the ordinate and 
current I in amperes along the abscissa. On such a graph the lines of 
constant H appear as more or less parallel lines which slope upward to 
the right. Thus (referring to Fig. 1-30) if the magnetron is operated at a 
constant magnetic field, say 2100 gauss, the relations of voltage and cur¬ 
rent are given by points on the H = 2100 gauss line (at 20 kv, the current 
drawn will be 48 amp). 

On the same chart are plotted the lines of constant power output.. 
These are the solid lines the form of which suggests hyperbolas; they 
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show the pulse f-f_power thalTis obtained under varying input conditions. 
Thus at 20 kv and 48 amp, the power output is 470 kw. This same 
power can also be obtained at 25 kv and 30 amp with a magnetic field a 
little less than 2700 gauss. Curves of constant efficiency, obtained 
directly from the above data, are added. These are the dotted lines 
looping up and to the right on the diagram. 

It is possible to add to this chart lines of constant frequency, so that 
the variation of frequency with input parameters may be studied. This 
information is useful in establishing limits on the variation of current 
during a pulse. The dashed lines are contours of constant frequency. 
In this case, they are nearly parallel to the lines of constant magnetic 
field, an ideal condition, since changes in current produce no change in 
frequency. 



Ffu. 1-31. —Idealized performaiiL'e rhart. 

Many of the features of a performance chart can be interpreted in 
terms of the qualitative electronic theory (Sec. 1-7) and in terms of a 
Hartree diagram such as shown in Fig. 1-26. If the efficiency of a 
magnetron were independent of V and /, the contours would be hyper¬ 
bolas asymptotic to the V and I axis. Inspection of Fig. 10-16 show\s 
that to a first approximation this is the case. But it is the departure 
from this condition which is of interest and must be explained in terms 
of the variation in the efficiency as revealed by the performance chart. 
A simplified and somewhat idealized performance chart is shown in 
Fig. T31 which shows only contours of constant magnetic field and 
constant efficiency for a typical strapped magnetron. Performance 
charts for rising-sun magnetrons differ in having a distinct drop in 
efficiency at magnetic fields which by Eq. (1) result in a cyclotron fre¬ 
quency close to the operating frequency. This characteristic of rising- 
sun magnetrons is discussed in detail in Chap. 3. 

Performance charts for different types of strapped magnetrons show 
considerable divergence, and Fig. 1-31 has been idealized to show only 
those features which are common to most performance charts. 
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1. Except for very low currents, increasing the current I while 
keeping B constant results in a decrease in efficiency. In Fig. 
1-26 this corresponds to moving up from the n = 4 Hartree line 
toward cutoff. 

2. Decreasing the magnetic field at constant current results in a 
decrease in efficiency. In Fig. 1-26 this corresponds to moving 
along the n = 4 Hartree line toward cutoff. From this it is 
clear that on the Hartree diagram electronic efficiency is increased 
if V and B correspond to points that are both near the Hartree 
line and far from cutoff. All magnetrons, the operation of Avhich 
appears normal, support this conclusion. Accordingly, magnetrons 
are designed to operate at relatively high magnetic fields which 
correspond to points far from cutoff. 

3. A drop in efficiency at very small currents which is indicated by a 
curving up of the line of constant efficiencies at the extreme left 
of Fig. 1-31. This is probably due to unproductive leakage current 
from the cathode. This falling off in efficiency is usually accom¬ 
panied by a drooping of the lines of constant B as shown in Fig. 
1-31. 

These are the three most general features shoAvn by performance 
charts. An inspection of those given in Chap. 19 will reveal many 
unusual configurations which are not capable of explanation. 

Rieke Diagram ,—The performance of a magnetron in terms of its 
output parameters, or r-f loading, is conveniently presented on a Rieke 
diagram. It would appear useful to express the r-f loading in terms of 
the resistance and reactance presented to the magnetron at the output 
loop. Since these quantities are difficult to determine experimentally, 
the Rieke diagram is in terms of quantities that can be obtained with ease 
experimentally. At microwave frequencies, it is customary to determine 
the constants of a load by observing the phase and magnitude of the 
standing waves set up by it, and the Rieke diagram is designed to use 
these experimental data directly. The desired range of r-f loading is 
obtained by adjusting a tuner until the desired jjhase and standing-wave 
ratio is indicated by a sliding pickup probe such as shown in Fig. 18-4. 
The standing-wave ratio is transformed into a reflection coefficient K by 
the relation K = {1 — p)/(l + p) and K and d used as coordinates of a 
polar diagram. This is known as the Smith^ chart, and the Rieke 
diagram is obtained by measuring the power output, frequency, and 
voltage at constant H and V for enough points on this chart to construct 
contours for these quantities. Such a diagram is shown in Fig. 132. 
Inspection of the Rieke diagrams given in Chap. 19 will show considerable 

1 P. H. Smith, Ehctrtmics, 12, 29 (1939). 
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variation in their form; but as in the case of performance charts, certain 
features are exhibited by all of them. 

Referring again to Fig. 1-32, it is seen that the power contours 
approximate one set of circles tangent at one point on the (K = l)-circle, 
and it is significant that on a Smith chart the contours of constant load 
conductance are, indeed, such circles. The frequency contours are seen 
to approximate sections of a second set of circles which are everywhere 
perpendicular to the first set and are tangent at the same point. Again 



Frequency of 0 Me contour = 9375 Mc/sec 
Fiu. 1-32.—Typiral Rieke diaie^i'ain (725). 


it is significant that on a Smith chart the contours of constant susceptance 
correspond to this second set of circles. 

The comprehensive treatment of the Rieke diagram is found in 
Sec. 7-5. 

Rieke diagrams provide information of considerable importance to 
magnetron designers and users. They are usually furnished as operating 
data, together with performance charts, by magnetron manufacturers 
for every type of tube. 

As an example of their usefulness consider the effect of a mismatch 
in the magnetron's output. Assume that a reflection coefficient of 
0.4 (p = 2.3) exists, and suppose further that the phase of this mismatch 
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at the magnetron is such that the voltage minimum corresponds to point 
A (Fig. 1-32). The result will be a power output for the specified input 
conditions of about 50 kw. If the phase of the reflection is changed, 
say by increasing the line length between the magnetron and the mis¬ 
match until point B is reached, the power output falls to 33 kw. The 
efficiency of the magnetron at point A is thus 50 per cent greater, but 
operation at this loading may be unsatisfactory for reasons of stability. 
As representative of a general class of load instability, consider the 
effect of a change in phase angle about the loading A of +7.5° (arrows) 
that might result from the turning of an imperfect rotary joint. The 
power output will be essentially unaltered, but a maximum change in 
frequency of 10 Mc/sec occurs. At point B, however, corresponding to 
light loading, a phase shift of ±7.5° results in only a 3-Mc/scc frequency 
shift. In radar systems or in other applications where frequency stability 
is required under conditions of changing load, a compromise must be 
made between efficiency and frequency stability on the basis of Rieke 
diagrams. Magnetrons are usually designed with an output coupling 
such that the center of the Rieke diagram, which corresponds to a 
matched load, represents a reasonable compromise between efficiency 
and frequency stability. 

It is possible to adjust the loading on the magnetron to any reasonable 
value by the suitable use of r-f transformers in the output line. As an 
example, suppose that it is desirable to operate the magnetron repre¬ 
sented by Fig. 1-32 at a point of high efficiency and low-frequency 
stability corresponding to point A. This can be accomplished by intro¬ 
ducing a transformer that sets up a 2 to 1 VSWR and making its distance 
from the magnetron such that the phase of this VSWR corresponds to 
point A. By moving this transformer along the line in either direction 
one-quarter wavelength, operation corresponding to point B can be 
obtainedj 

I'll. Pulsed Magnetrons. —The most outstanding characteristic of 
microwave magnetrons is their extremely high pulse-power output Avhich 
is over one thousand times the best c-w output at the same frequency. 
These high powers are due mainly to three factors. 

1. The electronics of the magnetron are such that high efficiencies 
persist at very high levels of power. 

2. The oxide cathode under pulsed conditions yields currents one 
hundred times that obtained under d-c conditions. 

3. The procedure of pulsing at very small duty ratios has largely 
eliminated the problem of anode dissipation. 

Because of these factors and intensive development as a result of the 
war effort magnetrons with frequencies up to 25,000 Mc/sec and pulse- 
power outputs from 0.02 to 2500 kw are available. 
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These high-pulsed powers together with the discovery of high-pulsed 
emission from oxide cathodes are examples of the many advances that 
have resulted from the introduction of pulsed techniques. From the 
standpoint of magnetron operation, however, pulsing also introduces 
certain problems. The most serious one is the buildup of oscillations 
from noise to full power that must occur reliably for every pulse in a time 
that may be as short as 10~® sec. Failure of the buildup to occur results 
in misfiring or mode changing, a phenomenon exhibited by essentiall}^ 
all magnetrons under certain conditions. 

The explanation of mode changing is extremely involved, as the 
buildup of oscillations in a desired mode depends on a large number of 
factors, many of which are interrelated. The more important factors are 

1. Rate of rise of voltage pulse. 

2. Rate of buildup of oscillations in desired mode and undesired 
modes which involves the loading of the various modes and the 
noise level from which they start. 

3. Voltage and current range over which oscillations in the desired 
mode and undcsired modes may persist. 

4. Impedance of the pulser. 

As an example of the interrelation of these factors consider a particular 
kind of misfiring that results when the pidse voltage reaches and exceeds 
the limits within which oscillations can start before oscillations can 
build up. Misfiring or mode changing will then be more likely to ot^cur 
when the rate of rise of the pulse is fast, when the voltage range over 
which oscillations can occur is small, and when the impedance of the 
pulser is high, since a high-impedance pulser means a higher no-load 
voltage for a given operating current and voltage. This example is a 
simple one, and in practice the solution of a particular problem of mis¬ 
firing or mode changing will involve the transient characteristics of the 
pulser as well as the transient characteristics of the magnetron and the 
reactions of the pulser and magnetron on each other. The theory of 
transient behavior is given in Chap. 8, but the problem is such a compli¬ 
cated one that it can sometimes be used only as a guide to the experi¬ 
mental elimination of trouble. 

The demands of microwave radar resulted in a rather extensive 
development of magnetrons the frequencies of which are concentrated 
more or less into four bands. Figure 1-33 shows on a logarithmic chart 
the frequency and peak power of magnetrons that have been produced 
in appreciable numbers and thus constitute well-tested designs. Produc¬ 
tion magnetrons are identified by their RMA type numbers, and experi¬ 
mental ones by the designation assigned to them in the laboratory where 
they were developed. 
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Fio. 1-33.—Diagiain showing power and frequenry distrihutionb of represputative inirro- 
wave magneti oiia developed up to in4f). 
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From this chart it is seen that the maximum pulse power increases 
with the wavelength. ^ If this power is limited by either cathode emission 
or voltage breakdown within the tube, the maximum pulsed power would 
vary as for comparable designs. 

A summary of the more important characteristics of pulsed mag¬ 
netrons in several wavelength bands is given in Table 1-3. These data 
refer to magnetrons in production and do not represent the limits reached 


Table 1-3.—Summary of Characteristics of Representative Magnetrons in 
Certain Wavelength Bands (1945) 


Wave- 



Average 

Pulse 

Input 

voltage, 

kv 

Input 

Maximum 

length 

Power 

RMA 

power 

power 

imped- 

pulse 

band, 

level 

type 

output, 

output, 

aiicc. 

length, 

cm 



watts 

kw 

ohms 

SBC 

30 


4.121 

800 

800 

25.0 

500 

6.0 

10 

/ HiKh 

4J3!) 

600 

1000 

30.0 

400 

2.5 

1 Low 

2J39 

100 

10 

5.0 

1000 

2.0 


1 High 

4J50 

500 

250 

20.0 

700 

5.0 

6 . £, 

1 Low 

2J41 

3 

1000 

2.5 

1500 

0.5 

1 .‘25 


3J21 

50 

50 

15.0 

1000 

0.5 


in experimental tubes. The figures for maximum pulse length should 
not be taken too literally, as the input power affects the maximum pulse 
length at which stable operation can be obtained. 



1940 1341 1342 1343 1944 1945 1940 1941 1942 1943 1944 1945 

Ysar A.D. Year A.D. 

(a) ib) 


I'l'i. 1'34.- -Maximum pulHcd-puwer output and Rfficieiicy for magnetrons developed 

up to 1946. 

Detailed information on the construction and operation of most, of 
these tubes is given in Chap. 19. 

^ An exception to this arc the magnetrons in the 1000- to 1500-Mc/sec range 
whose pulse power is not so high as might be expected. This situation results from 
lack of need for very high powers in this wavelength range. 
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This information reflects the status of pulsed magnetrons only up to 
the year 1946, and it is interesting to speculate on future trends. Figure 
l-34o shows the highest pulsed power obtained from experimental 
magnetrons at three wavelengths bands for the years 1940 to 1945, and 
Fig. l-34b shows the efficiency of these tubes during the same period. 
From Fig. l-34a it must be concluded that this design of high-frequency 
generator has not been fully exploited as far as maximum poAver output 
is concerned, since the curves show that the power obtained is roughly 
proportional to the integrated effort put into development. The leveling 
off of the 10-cm curve results from a cessation of work in this band, while 
the increase in the 3.2- and 1.20-cm curves reflects continued effort by 
the Columbia University Radiation Laboratory. Figure l-34l> indicates 
that the efficiency of magnetrons as they are now designed is reaching a 
limit, as the curves for all three bands have leveled off. 



PART I 

RESONANT SYSTEMS 

The description of a microwave magnetron given in Chap. 1 has shown 
that the device may be naturally analyzed into three parts which differ 
in function. These are the electron stream, the resonant system, and 
the output circuit. The electron stream, flowing in crossed magnetic 
and electric fields, interacts with that part of the field of the resonators 
which penetrates the interaction space in such a way that energy is 
continually abstracted from the electrons to appear as electromagnetic 
energy in the resonant system. The principal function of the resonant 
system is to serve as a frequency-determining element. It accomplishes 
this by storing the energy received from the electrons over a large 
number of cycles. It may l)e thought of as a filter circuit with a narrow 
pass band which allows only the frequency component in the electron 
stream that is of interest to be transmitted. Finally the output circuit 
constitutes a coupling path between the electron stream and an external 
load. The properties of this transmission path are so arranged that the 
r-f voltages whitdi the electron stream encounters are suitable for efficient 
power transfer. 

The purpose of the four following chapters is to discuss some of the 
fundamental electromagnetic properties of the resonant system and of 
the output circuit. The simplest feature common to all resonant systems 
used in multisegment magnetrons is that they should be capable of being- 
fed from a series of slots in a cylindrical anode, parallel to the axis of the 
cylinder. Systems filling this requirement may be devised in great 
variety; in practice, three such schemes have been used almost exclu¬ 
sively. These are the unstrapped syvstem, the strapped system, and the 
alternating unstrapped, or rising-sun, system, in order of historical 
development. 

The unstrapped system consists of a series of identical resonators 
between which the only coupling is that provided by the electromagnetic 
fields in the interaction space and in the end spaces. The alternating 
unstrapped system also utilizes these coupling paths, but alternate 
resonators are of two different kinds. The strapped resonator system, 
on the other hand, has a system of identical resonators, but a special 
coupling link is provided between each pair of neighboring resonators. 
The following discussion will deal exclusively with these three types of 
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resonant systems. In the practical design of magnetrons the unstrapped 
system has been superseded by the other types, although it was his¬ 
torically the first to be used. It may, however, be discussed theoretically 
rather completely, and in the analysis a number of concepts are brought 
out that are essential to the understanding of the rising-sun and strapped 
systems. It is possible to discuss unstrapped systems fairly rigorously by 
electromagnetic field theory, but the greater complexity of strapped 
structures requires the use of a more intuitive approach by the use of 
equivalent circuits. 

The type of information sought in each case is essentially the same. 
The fields in the interactions space, the mode spectrum of the resonant 
system, and its dependence upon the dimensional parameters are found, 
and a number of circuit constants of interest in the electron-fitdd inter¬ 
action or in the oscillator-load coupling are derived for the three cases. 
The discussion does not take up specific problems in the design of reso¬ 
nator systems, a topic that is extensively discussed in Chaps. 10 and 11; 
instead, attention is concentrated on features of the three systems that 
are of importance in over-all design. 

In the chapter devoted to the output circuit, the latter is considered 
primarily as a transducer the function of which is to convert the imped¬ 
ance of an external load to such a level within the magnetron that the 
electron stream encounters r-f voltages such that it delivers power 
efficiently. An account of transducer theory adctpiate for the needs 
of the problem is given, and various classes of output circuit are considered 
in some detail. 



CHAPTER 2 


THE UNSTRAPPED RESONANT SYSTEM 

By N. Khoij. 

The unstrapped resonant system shown in Fig. 2-la was one of the 
first systems developed for microwave multiresonator magnetrons. 
Figures 2Tb and c show variations of this early design. These anode 
blocks consist of an anode divided into a number of equal segments con¬ 
nected by identical resonators. These resonators are referred to as ^'side 
resonatorsor "side cavities." Various shapes of side cavities are 
possible; those shown in Fig. 2T are the ones most commonly used. 
Although the unstrapped resonant system is now almost obsolete, a 


ia) ib) (c) 

Fui. 2-1.—Exainplea i)f unstrapped resoniiiit systems: (a) with liDle-and-slot-type side 
resonators; (fj) with slut-type aide resuiiaturs; (c) with vane-type side resonator.s. 

careful discussion of it is worth while for two reasons. (1) Many concepts 
that are used in the discussion of the more complicated systems are 
based on those developed for this system. (2) The problems that arise 
in the analysis of resonant systems and the possible methods for solving 
them are seen in their simplest form in the study of the unstrapped 
system. 

2-1- The Magnetron Cavity as a Circuit Problem. —The interior of 
the magnetron (anode block, interaction space, and end spaces) can be 
thought of as constituting a cavity resonator of complicated geometry. 
It is a well-known fact that such a resonator has an infinite number of 
resonant frequencies and a particular field distribution associated with 
each one. The rigorous method of solving these problems is to find 
a solution of Maxwell's equations that behaves properly at the boundaries. 
However, because such a solution can ordinarily be found for only the 
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simplest geometries, it will be necessary to employ circuit analogies and 
approximate methods that use simplified geometry and simplified bound¬ 
ary conditions. 

The problem will be simplified 
by making certain restrictive 
assumptions concerning the dis¬ 
tributions of charge, current, and 
field. Consequently the solution 
will contain only those modes 
Avhich approximately satisfy the 
assumed conditions and will not 
contain the complete set of reso¬ 
nances. In addition, of course, 
these assumptions introduce some 
error in the resonances found. 

The most interesting modes are 
those with which the electrons can 
couple, according to the scheme 
described in Chap. 1. They re¬ 
quire strong electric field lines 
going from anode segment to anode 
segment with little axial variation 
of field. Thus, the initial assumptions are that the electric field be trans¬ 
verse and that there be no axial variation of field. It then follows, as 
shown in Sec. 2-5, that the magnetic field is axial and has no axial varia¬ 
tion (see Fig. 2-2). 

On the basis of the preceding assump¬ 
tions the equivalent circuit representa^ 
tion shown in Fig. 2-3 is possible. The 
circuit elements representing the side 
resonators are labeled A is a sym¬ 
metric network with N pairs of terminals 
and represents the interaction space. 

Such a representation requires that an 
impedance or admittance at the various 
terminals be defined. Figure 2-2 shows 
the situation at a side resonator. The 
voltage at the terminals can be defined 

^ £ - ds; evidently the voltage so 

defined will be dependent upon the path (assumed to be in a plane 
perpendicular to the axis) of integration. This ambiguity, however, 
will be of no significance if the path used for the computation of the 




Fio. 2-2.- -Typical oriMitatioii of clpctric 
and magnetic fields in the side resonator of a 
magnetron. Solid lines indicate electric 
field; dotted lines indicate magnetic field. 
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admittance of a side resonator coincides with that used for the computa¬ 
tion of the admittance of the interaction space. ^ The voltage so obtained 
has no axial variation. Inasmuch as the magnetic field is axial, the 
current is entirely transverse and is given by the magnetic field at the 
terminals A and J3 mvdtiplied by the length of the anode h. Using 
current I and voltage V as defined above one might take for the admit¬ 
tance Y = I/V. 

There are, however, other possibilities. One can write 

/ F* ^ 

FI* F"' 


where P* is the complex conjugate of the complex power (defined as 
IF /*).2 'Y\xe complex power can also be written in terms of the Po^mting 
vector 

F = 2 j E X H* ■ n da, 
which suggests for the admittance 


h j^E* X H nds 


( 1 ) 


vhere the path of integration is the same for the two integrals. The 
expression, 4^/E X H* ■ n da, depends upon the surface over which the 
integration is performed and will, in general, differ from ^F/*. Conse¬ 
quently, the two expressions for admittance will differ; and for reasons 
to be given in Sec. 2-5, the latter expression is the one that will be used. 

Because end-space effects are small in many applications, they have 
been completely ignored in the suggested equivalent circuit. There 
are, however, certain applications for which end-space effects are 
important. These will be discussed in Sec. 2-8. 

The problem has now been reduced to the investigation of the circuit 
properties of the side cavities and of the interaction space. More specifi¬ 
cally, it is necessary to calculate the admittance of the side resonators 
as a fun(;tion of frequency. It is also necessary to calculate the admit¬ 
tance of the interaction space at any pair of terminals as a function of 
frequency, with proper restrictions on the admittances seen at the other 
(N — 1) pairs of terminals. 

Two different approaches will be used. The first consists of represent¬ 
ing each circuit element by a lumped-constant network. The magnitude 


^ In order to obtain manageable expressions one often finds it necessary to have 
the paths cnincide ordy approximately. 

* V and 7 are the peak rather than the rms values of voltage ami current. 
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of the constants of the network must ordinarily be determined experi¬ 
mentally. The choice of network is at best an intelligent estimate so 
that the over-all results are ordinarily only semiquantitative. This 
method, however, has the advantage of simplicity and serves to introduce 
some important concepts. The second approach involves the calcula¬ 
tion of the distribution of electric and magnetic field from which the 
admittance can be calculated. The main advantages are (1) more 
accurate results, with no need for guessing networks or for experimental 
evaluation of parameters, (2) the fact that the field distribution is part 
of the result. 

2-2. Equivalent Network for the Side Resonators. —A simple parallel- 
resonant circuit (Fig. 2-4) will serve as an equivalent network for the side 
resonators. The admittance is given by the well-known formula 

— (l/wL)]. The values for the induct¬ 
ance and capacitance can be chosen to give 
the correct value for the resonant frequency 
Do = 1/vXC and the correct admittance at 
one other frequency. If the range is 
limited, the intermediate values will be 
fairly accurate. It is to be noted that there 
Tig. 2'4.— EquivalDnt net- is no resistance in the circuit. In all fre- 
work for a aide resonator of an quency and field calculations resistive losses 

unstrapped resonant system. -n i ‘ 

Will be neglected on the assumption that the 
walls are of perfectly conducting material. Actually, the conductivity 
of materials used is so high as to make errors resulting from this assump¬ 
tion negligible in comparison with others already introduced. 

2-3. Equivalent Network for the Interaction Space. —The interaction 
space is represented by the network in Fig. 2-5. This network takes into 
account capacitance between the anode segments and the cathode. It 
ignores all inductive effects and capacitive effects among anode segments. 
It should be most nearly correct when the anode circumference is small 
compared with the wavelength and the distance between cathode and 
anode is small compared with the width of the anode segments. (These 
conditions are rarely met by magnetrons.) It would be possible, but 
lengthy, to compute the admittance at a set of terminals assuming the 
admittances ^[dC — (I/d/;)] across the other {N — I)-pairs. The 
problem can, however, be simplified considerably by making use of 
the symmetry present. Because all the side resonators are identical, the 
admittance looking into any one of them is the same. At resonance the 
admittance at the various terminals of the interaction space matches 
the resonator admittances; thus, at resonance, all of these admittances 
must be the same. It can also be assumed that the voltage and current 
distribution in one section differs from that in the adjacent section only 
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by a phase difference that is constant from section to section.^ With 
the above information it is a simple matter to compute the admittance. 



Tiq. 2-5.—Eiiuivalent network for the iiiteraetiori spane of an unstrapped resonant system. 

The admittance looking into the network (see Fig. 2-6) is given by 
/ From Kirchhoff’s laws 

I q—V ~ 1(2 fg—1? 

Iq — r/-|-l fg; 

L(.z.s 

juiC ' 

la 

CD 


Vab - 

J 

Vc„ = h, 


and 

Thus 


Va = 


JU)C 

Vq = \ AB — V CD- 

/gr—1 j q _ 2'i g “1“ 


JWC 


JU}C 


From the assumption tliat corresponding currents in adjacent sections 
differ only by a constant phase factor it follows that 


therefore, 


iq-l = 


and 




. 2 — {e^-y + e-^-y) 

Vq = Ig --- , 


* It can be proved from the symmetry that the existence of any resonance for 
which the above is not true implies the existence of a partner resonance having the 
same resonant frequency and a distribution of amplitude as assumed. This means, 
nf course, that a degeneracy of at least the second order must exist. 
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and the admittance Y is given by 


Y = — = 


JWC 


2(1 — cos 7 ) 


Evidently the admittance of the network depends upon the phase 

angle 7 . So far in this chapter this 
quantity has not been restricted. 
Because each section must be in 
phase with itself, must equal 1 , 
and Ny = 27rn, Avhere n is any 
positive or negative integer or zero. 
Thus, 

juiC 


lA-i 


I, i 




I ^(.+0 


Fig. 2-6.—A single section of the equivalent 
network for the interaction space. 


Yn = - V- 

2 


/, 2wn\ 


2-4. Spectrum Predicted by the Equivalent Network.- Resonanci^ 
occurs when the admittance looking out from the side resonators eriiials 
the admittance looking into the interaction space, that is, when 


or 


Y- = 

biJj 


wr 


27r7A 

w) 


2 ^ 

By setting uo = \/\-''LC and c/C = p it is founil that 

“5 _ 1 = 




or 


CO — con / — 


( 2 ) 


1 + -v- 


( I 27rn\ 

V - ““Tv j 


A different resonant frequency is found for each value of n in the 
range 0 to A ’/2 [or {N — l )/2 if N is odd], after which the values begin 
to repeat. That is, replacing n by n + mN (where m is an integer) 
or by — n leaves co unchanged. A qualitative diagram for the spectrum 
is given in Fig. 2-7. 

Each resonance, together with its associated fields (or voltages and 
currents), is called a “mode of oscillation” or, more simply, a “mode.” 
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The number n is called the ^'mode number.If th^re are several 
linearly independent sets of field (or voltage) distributions with the same 
lesonant frequency, the mode is said to be “degenerate,” the order of 
the degenerency being the same as the number of linearly independent 
distributions. 

All of the modes have a second-order degeneracy excepting those for 
which n = 0 or n = A/2. In other words, the same frequency is 
obtained by replacing n by — n, but a linearly independent set of ampli¬ 
tude coefficients (q is the section number) is obtained by replac¬ 

ing n by —n, except for n = 0 and n = N/2A 



Fkj, 2-7.—TIki spLMitruiii ]jrtMlir(,i*(l by Eq, (2) with p = 1 lur uii eiKht-i esonator iiJisirfii)])t‘fl 

systpin. 

The limitations of this etpiivalent circuit will become apparent after 
the admittances have been more correctly calculated. It suffices here 
to note that the cirtuiit gives a good qualitative picture of the order and 
separation of the longest-w avelength group of magnetron modes. In 
order to ax^ply the theoiy quantitatively it is, of course, necessary to 
evaluate experiinentally the parameters p and wo. The over-all quantita¬ 
tive agreement depends upon the partievdar w^ay in which these param¬ 
eters are evaluated. The previous discussion associates wn with the 
side resonators alone and suggests that this parameter may be evaluated 
by means of an experiment involving only the side resonators. For 
example, one might measure the resonant frequency of the cavity formed 
by placing two side resonators facing each other. A value of p can then 
be chosen to give the correct, resonant frequency for one of the modes. 
Under these conditions the predicted spectrum will differ considerably 
from the observed one. On the other hand, if one chooses p and cun 
to give the correct values for the (n = 1)- and the A/2-modes, the 

' Whilfi replaoiiiK n hy n rtiN leaves the frequency unchanged, it also leaves 
the amplitude coefficients unchanged. The addition of mJV corresponds to an 

increase in the phase difference between voltages and currents at adjacent sections 
by 27r?/.', which, nf course, has no physical significance. 
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frequencies of the intermediate modes may be given with reasonable 
arxuracy.^ 

2-6. Admittance of Side Resonators by Field Theory. —Consider the 
side resonator shown in Fig. 2-8, which has an arbitrary cross section 
and an arbitrary boundary (dotted line) across Avhich the admittance is to 
be measured. A distribution of the tangential electric field {Et) varying 
sinusoidally in time Avith arbitrary frequency cj is assumed along this 
boundary. Because the tangential electric field is zero along the metal 

Avails, it is possible in principle to apply Max- 
Avell’s equations and compute the electric field 
throughout the bounded region. A further 
application of MaxAvelPs equations yields the 
magnetic field throughout the bounded region, 
and the admittance can then be computed using 
the formula [from Eq. (1)] 



Fio. 2-8.—A aide reso¬ 
nator of arbitrary cross 
BBction. 




where the integrals are evaluated along the dotted boundary. Evidently 
the value computed for the admittance depends upon tAvo arbitrary 
choices: the choice of the boundary across Avhich the admittance is 
measured and the distribution of tangential electric field assumed along 
this boundary. The choice of the boundary has no particular significance 
as long as the boundaries chosen for tAvo adjoining elements (for cxample- 
at the junction betAveen the interaction space and a side resonator) 
coincide. On the other hand, the values found for the resonant fre¬ 
quencies will to some extent depend upon the assumed electric field. 
Clearly, the proper distribution to use is that Avliir^h actually obtains at 
resonance; but because this distribution is ordinarily not known, it is 
necessary to assume some arbitrary one. Equation (1) is used rather 
than I/V for the admittance because it can be shoAvn^ that resonant 
frequencies computed on the basis of this expression are considerably less 
sensitive to the assumed field distribution than are those computed on 
the basis of I/V. In the work that follows, the boundary will ahvays 


‘ This latter procedure can be justified by improving the equivalent network for 
the interaction space. That is, one can take into account the capacitance between 
adjacent anode segments by introducing a capacitance, c', between each pair of 
terminals of the network in Fig. 2-5. In this case Eq. (2) still holds with wd now given 

by 1/-\/LIC -h c') and p by ^ ^ and thus uo depends upon the interaction space as 


well as the side resonators. 

* N. Kroll and W. Lamb, “The Resonant Modes of the Rising Sun and Other 
Unstrapped Magnetron Anode Blocks,” Appendix I. J. of Applied Physics^ 19, 
1S3, (1948). 
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be chosen so that there is either exact or very near coincidence of bound¬ 
aries when two elements are joined. The tangential electric field along 
the boundary will always be assumed constant. 

The Rectangular-slot Side Resonator .—Differently shaped side reso¬ 
nators must be considered separately. The rectangular slot shown in 
Fig. 2-9 is considered first because it is the simplest. Maxwell’s equations 
for free space are . 


T-p 

eurlE + -=0. 

(3) 


y 


riD 

curl H - - = 0, 

(4) 

1 

1 


'4o- 

div D = 0 (D = eoE), 

and 

(5) 

1 

J 



y 


A'' 

A 

div B = 0 (B = moH). 

(6) 

X 

Z 



The time variation of all field com- Ftq. 2*9.—Rectangular-alnt sirlR 
pnnents is given by because for an lesonator. 

impedance calculation one is concerned only with fields harmonic in time. 
The operator d/dt is then replaced by 

It has already been assumed that Ez = 0 [E is transverse) and that E 
has no axial variation. It follows directly from Eq. (,3) that H is axial 
and has no axial variation. That is, 

II z = IIz{x,y)e^^\ Ih = 0, and II y = 0. (7) 


From Eq. (4) it follows that 



where \//io/eo = impedance of free space = 376.6 ohms and 


k = 


X 


By combining Eqs. (3) and (4) it can be shown that Hz, Ej,, and Ey must 
satisfy the familiar wave ecpiation 

+ kW = 0 . ( 10 ) 

A distribution of E satisfying the following conditions must be found: 
(1) Its components E^; and Ey must satisfy Eq. (10); (2) Ey = 0 x = Ij 
and E^ = 0 Bit y = ±d/2j (3) Ey must have the constant value E at 
X = 0; and (4) all fields must be continuous. The rectangular-slot 
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resonator can be thought of as a parallel-plate transmission line or wave¬ 
guide with planes located y = ±d/2 and short-circuited with a plane 
eX X = 1. Assuming d < X/2 (as it always is) the complete fundamental 
set of fields for a parallel plane waveguide (omitting the time factor 
is given by 


and 


where 



and by 



(p = any positive', integer) 


and 


= 0 , 



( 12 ) 


Any field configuration in a parallel-plate section, subject to the. 
condition of no axial variation, must consist of a linear combination of 
the above fields.^ Any field so formed satisfies the boundary condition 
E^[Xj ± {d/2)] = 0. Application of the condition that Ey be constant 
at 2 : = 0 restricts the solutirm to a combination of the z(TO-order fields 
[E^^^ and //i"’]. The requirements remaining are that = 0 at 2 : = ^ 
and = £ at a; = 0. Constants a. and p must be chosen such that 

{Ey)x=i = —jk{ar^'^^ — pc ^) =0 ( 13 ) 

and 


(Ey)x^r-n - - —jk{a — P) — E. 


Thus, 


a = 
which give 




(14) 


Ey = . ^ _ \fikix-l) _ -Jhix-D] ^ 

'' P-'*' - P'*' L sin id ’ 


( 15 ) 


^ See, for example, R. I. Sarbaeher and W. A. Edson, Hypar and Ultra-high Fre¬ 
quency Engineering^ Wiley, New York, 1943, pp. 119-132. 
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and thus 


,j _ —jE cos k{l — x) 

A * Z I— • y y 9 

fii Sill kl 


It is now possible to compute the admittance from 


h j ^ IhE* dy 

Y = _ 12 __^ 

\f\Kdv\' 

2 

to be evaluated at z = 0. 

Because Ey and are both independent of i/, the integrations are trivial 
and 

r = cot H, (17) 


which is the well-known form for the admittance of a short-circuited 

transmission line of length I and surge admittance- 

d V Ml)/eo 

T/ic Cylindrical Side Resonator .—In solving for the admittance of 
the cylindrical resonator shown in Fig. 2-10, the cylindrical coordinates 
p, 0, and z are preferable. Assuming 
as before that Ez = 0 and that E has ^ 

no axial variation, it follows from Max- 
well’s equations that yy 

IL = ( 18 ) yf ^ X \b 

H, = ih ^0, 7 '‘ \yryr \ 


kp d 0 




V eo dllz 
k dp 


Fig. 2-10.—Cylindrical reaoiiiiti)r. 


The fundamental set of solutions for the wave equation in cylindrir al 
coordinates are the functions 

Jp{kp)e^^ 


and 


Npikp)ei^*, 
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where p is zero or any positive or negative integer and Jp and Np are 
the well-known Bessel and Neumann functions. ‘ The functions Jp are 
regular at p = 0, Avhereas the functions Np become infinite at the origin. 
For this problem only the functions Jp need to be considered, since the 
solution must be regular at the origin. Taking 

= Jp{kp)e^^^ ( 21 ) 

it follows from Eqs. (19) and (20) that 


and 


£-(P) 



Jp(/fp)e^>^ 


ET = j 

\ fo 


( 22 ) 

(23) 


A linear combination of these functions is required such that = 0 at 
p = a when ^ 0 ^ (27r — and = the constant E at p = a 
when Such a combination can be found by making a 

Fourier expansion for E^ in terms of the functions E'p. Thus 


00 





where the constants Cj, are to be determined. 


(24) 


{E^),-<. = j ^ CpJp(ka)ei^* = (25) 

7J = - - 

where 

/(0) = 0 for 0 g 0 g 27r - 0, 

and 

/(0) = E for —0 < 0 < 0. 

The constants Cp will be given by 


‘See, for example, J. A. Stratton, Ehetromagnetic Theory, MeGraw-Hill New 
York, 1941, pp. 351-360. ’ 
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P= - « 

P= — IW 

d 

p= - " 

Because Jp = ( —l)’’7_p, the above relations can be rewritten as 

p ( -^aOfp) I o V /sin pA ./p(A-/j) 1 

- - [jjjsg + 2 2^ -j cos p*J, 

2J = 1 

. 2E^|^X /sinp^W,(/fp) . ^ 

^ 4 ^ 7 W 


H.ip,it>) = —j 


. (pi, E\l^ r./o(/fp) , 2 V /sin pA Jpikp) 
Lj'.(Hj + 2 4 \w) :w " 


For a calculation of admittance, Ilzia^tp) is required for -yp < tp < \p 
and /i/V(a, i/>) over the same range. Noav 

E^(ajtt)) = E for — i/' < 4> < \p, 

and 

=-■ Vi ? [^f^ ^ t (“"^0 

The admittance looking in across the boundary indicated in Fig. 2-10 
is given by 

— h f* aEl{a,(l>)H 

Y = _ 7 —w _^ 


which yields 


lea E^\//a r „ Jaika) ^ V /sin pA J p(^n) /2 ssin pA 

Vm» ■’t ■ L '^ 7 |,(*a) + 4 \ ^ / J'p(k^) \ V ) 


p = i 

[2iaEY 


. le^ h r/i)(/fa) /sin p\l/'V Jpihdf) 

^ Vm« 2ira 4 \ Pi } •/;(A-a). ■ 
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Although the admittance function looks complicated, it is not difficult 
to compute for low frequencies.^ Like all admittances in lossless s 3 ^stcms, 
this admittance has a slope that is always positive (neglecting the factor 

j); and like that of the rectangular 
resonator, it has an infinite set of 
resonances which are alternately series 
and parallel. The series resonances 
occur at the roots of Jp(ka), and a par¬ 
allel resonance occurs between each 
pair of series resonances. 

The Annular-sector Resonator .— 
One of the most common resonator- 
shapes is the annular-sector resonator 
shown in Fig. 2-11, which is often 
referred to as the “vane type” resonator. Application of the methods 
used in the preceding paragraphs leads to the following expression for 
the admittance.^ 



I'ltj. 2'11.—Annul iir~.si>olor I'cHonator. 


Y 


_ . Uj, h \,h{ka)]\Nr(kb)] - [./,(/d 


- \J\(kh)][N,{ka)] 


(2\i) 


,ikb)]\Nr{ka)] 

-Phis function behaves very like the other admittance functions, 

fn fact } approaches [—j (h/\}/a) cotA’(f) — a)] aiS/f becomes large. 

,^////////////A 

>■0 5 D*-' 

rp/my/}///// 

I*- 1 -H 


(d) 

lia. 212..Arbitrary t[MiiiiiiMtioii.s: (ti) for u niLrtaiipuhir-.slrJt roHuiiiitiH ; (/jJ for an tinnuhtr- 

siictor resonator. 

Transformation Formulas .—ItecauHC many side resonators are of 
composite shape, for example, a rectangular slot or annular sector termi¬ 
nated by a hole, transformation formulas giving the admittance at the 
front of the resonator in terms of the admittance at the back are useful. 
For the rectangular slot (Fig. 2-12a) 

Y, 



Y 




sin Id -h-ct)s kl 

_ Ufud) V en/Mo 


cos kl — 


F/ 


sin kl 




(jh/d) V en/iHi 

^ See Sec. 211. 

^ In practice the center of curvature of the rear surface often coincides with the 
center of the magnetron,rather than with the center of curvature of the annular 
sector. The error in F, however, is negligible if one takes for h the dimension indi¬ 
cated in Fig. 211. 
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y = j 



J o{ka) 


Jiika) 


ukh)Yt-jVi^) jhmjoik b) ^ . 

Ni{kb)Yt-jV{i,/^„)ih/^kb)N„ikb) 

J,{kb)Yt - j V ij M {hmJ.jkb) ~ ' 

Ni{kb) y, - j V(6„7Mn) ih/^kb)No(kb) 

(31) 


Although these formulas allow for a change in height at the junction, 
they are considerably less dependable when such a change occurs. 

2*6. Admittance of the Interaction Space by Field Theory.—The 
admittance of the interaction space (Fig. 213) is evaluated by applying 
the methods used for the circular res¬ 
onator combined with those used for 
handling the lumped-constant equiva¬ 
lent of the interaction space. Again it 
is convenient to use cylindrical coordi¬ 
nates. In the following derivations 
N = the numl)er of anode-block seg¬ 
ments, ra = the anode radius, = the 
cathode radius, and 20 = the angle 
subtended by the space between the 
segments of the anode block. It will 
be assumed that across each gap is 
constant and further that the field at 
any gap differs from the field at an adjacent gap only by a constant phase 
factor. At the cathode and at the anode segments must, of course, be 
zero. Explicitly, the boundary conditions for E^ are as follows: 

= 0 , 

< 4> (32) 

and 

E^(ray4>) = 0 

for all other values of 0. In Eqs. (32), q is the gap number and has the 
values Q to N — 1, and n is an integer. As in the solution of the circular 
resonator, the solution for the interaction space is compounded out of 
the functions 

Jy{kp)e^'^^ and Ny{kp)e^'’y*. 

In this problem it is necessary to use both functions to ensure = 0 
'i'f p = Tc It is evident that the following set satisfies this condition. 





(JV-1) 


- 


2-13. — The intDrantiDii space t)f an 
unstrapped resonant system. 
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= Z^{kp)eiy* = N^(kp)^ e’-y*, 




kp 


Zy(kp)e’y*, 


(33) 


E];r{p,'t>)=j^^Z',(kp)e‘y*=j^^ J’^ikp)-^j^^N',(kp) e’y*. 


A linear combination of the functions that will satisfy the 

conditions stated at p = ra can be found, as they were for the circular 
resonator, by making a Fourier expansion. Thus 


The constants Cy are determined by 


(34) 


E^iu,4>) = j ^ C^Z’^{kr.)e>y* =fi4>), (35) 

7= - * 

where 

/( 0 ) = for (?^ - + e) 

and/( 0 ) = 0 , for all other values of 0 . 

Then 


CyZi,ikTa) = ^ e-’y*f(4>) d<i>, 


N-l 


= ^ y (.i{ 2 Tni/N)q I 

2ir 4 J 2 

2 = 0 


27ra/J\r+9 


p-h* I 


2 irq/N -0 


Etf> sin 70 


v-i 

y 

TT 70 

a = o 

A 0 sin 70 


= E 

TT 70 

= 0 otherwise. 


g/(Zirn/j\r) ffg—/(Ziryg/JV)^ 

for 7 = n + mA, 

where m is any integer 


Thus the fields are given by 
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m = — OD 


and 


\y = n-\-mN (36) 




The admittance looking in across the boundaiy indicated in Fig. 2T3 
at the g'th opening is given by 


2iru/N)-\-6 


Y = — 


q/N) - 9 


/*oA'*(r„, t/))//,(r„,0) d(t> 


r 

./_(>! __ 

r ~n2irq/N)-\-9 .HZ 

/ r„A’^(ra,0) 

L J i2irq/N) - 8 J 


which yields 


^ \Mo 27rra A/ \ jB ) Zyi/craY 


(37) 


when y = n + mN. 

It is evident that as a result of the assumption concerning at the 
anode radius, the admittance looking in at each gap is the same. This is 
a condition which is obviously necessary for resonance. The functions 


/ sin yg V Zy(kra ) 

\ yO J ~Zy(kra) 

will henceforth be designated by the symbol ^ (Ato). The dependence 

of the admittance on both frequency and n is contained in these func¬ 
tions. As in the solution for the equivalent circuit, only values of n from 
0 to JV/2 or to {N — l)/2 need to be considered because the functions are 
not changed when n is replaced by — n or by n + mN. 

The low-frequency behavior of the admittances Fn as predicted by 
the field theory (Fig. 2T4) is qualitatively similar to that predicted from 
the lumped-circuit network. As the frequency approaches zero, the 
values of Fn for n 0 approach zero with finite positive slope in either 
case. Furthermore this slope decreases as n increases. On the other 
hand, the ratio of these slopes for different n as predicted by the field 
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theory is quite different from that predicted by the lumped-circuit 
network. For n = 0 the behavior in the two cases is also someAvhali 
similar, because Fo is infinite according to the lumped-circuit network, 



Fig. 2-14.—The qualitative behavior of the adinittanoe functions for an interaction space 

with iV = 8 [see Eq. (37)]. 

whereas the field theory predicts that it will approach minus infinity 
as the frequency approaches zero. In addition the field theory predicts 
an infinite set of alternately series and parallel resonances (indicated by 
the infinities and zeros of the admittance functions) for each of the 
admittances, which have been omitted by the lumped-circuit network. 



J'lG. 2'15. —Graphical ropresontation of the resonance equation Yn = —Yr. The first 
asymptote corresponds to the first series resonance of Fi; the second to the first series reso¬ 
nance of Yr. 

2-7- The Spectrum Predicted by Field Theory.—As in Sec. 2-4 the 
spectrum is found by setting the admittance looking out from a side 
resonator (the negative of the admittance looking in) equal to the 
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Mode number n 

Fig. 2-10.—Typical spectrum pre- 
ilictcil for an Bight-resonator resonant 
system. Only the larger wavelength 
groups are shown. The are the 

parallel resonances (Yr =0) of the side 
resonators, Xy*^^^ being the p + 1 parallel 
resonance. 


Mclmittance looking into the interaction space. That is, + Yr = 0 
at resonance, where Tr is the admittance of a side resonator. Since both 
functions involve the frequency in a complicated way, it is best to solve 
the problem graphically by plotting 
both admittances as a function of k 
as shown in 'Fig. 2T5. The resf> 
nances are those values of k at which 
intersecticoccurs. A typical spec¬ 
trum as predicted by the theory ap¬ 
pears in Fig. 2T6. A comparison 
with the spectrum of the equivalent 
circuit shows a qualitative similarity 
for the resonances with Avavelengths 
longer than that of the first parallel 
resonance of the side resonators. As 
are those of the equivalent circuit, 
each resonance predicted by field 
theory is a doublet (degeneracy of 
order 2) except those for which n = 0 
or N/2 (these are nondegenerate). 

This result folloAvs from the fact that 
although the same wavelength is obtained for —n as for n (except in the 
case of n = 0 and n = A/2), the electromagnetic field is different and 
the two fields are linearly independent. The equivalent-circuit theory 

has missed all of the resonances that 
occur at frequencies higher than 
that of the first parallel resonance of 
the side resonators. The equiv¬ 
alent-circuit representation is con¬ 
siderably improved in this respect if 
the side resonators are represented 
by short-circuited transmission 
lines instead of by simple lumped 
LC-circuits. 

Inasmuch as there are an infinite 
number of resonances associated 
\vith each value of n, n is inade¬ 
quate for designating a particular 
mode. Henceforth n will be used 
to designate a principal resonance, 
that is, a resonance of the first group or the lowest-frequency root of the 
resonance equation. Resonances of the pth higher-order group [that is, 
members of the (p -j- l)-group or the (p + l)-root of the frequency equar 
tion] will be designated by rip. 



Fig. 2-17. —Cross SBcti on of an 18-rcsonator 
unstrapped resonant system. 
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The most important features of the spectrum can be best described 
in terms of a specific example. The 18-resonator anode shown in 
Fig. 2T7 will be used. Only relative dimensions are significant, and 
accordingly all dimensions are given as fractions of the 9-mode wave¬ 
length. The dimensions and the wavelengths of the members of the 
first group are given in Table 2T. The most significant feature of this 


Table 2-1. —The First Group of Resonances of an Unstrapped 
Resonant System* 

X« 

^ X9 

1 1.840 

2 1.226 

3 1.104 

4 1.055 

5 1.030 

6 1.016 

7 1.007 

8 1.003 

9 1.000 

* DimenBionB (see Fig. 2-17): 

^ = 0.170 (d - di - dz) - ()..'325 

^ = 0.,'j.‘)5 e = 0.008 raiiian 


spectrum from the point of view of magnetron operation is the bunching 
together of the resonances for large n. Furthermore, as N increases, 
the separation between the (iV/2)-mode and its neighboring modes 
decreases rapidly,^ By a proper variation of parameters the separation 
of these modes can be somewhat increased. In general, the separation 
between modes is increased by increasing the cathode diameter, increasing 
the anode diameter, and increasing the width of the resonator openings 
as compared with the wfidth of the anode segments. The separation 
is also increased by using a resonator shape that yields a slow variation 
of admittance with frequency.^ There are, however, practical limitations 
that prevent any of these factors from being sufficiently altered to obtain 
a well-separated 9-mode. 

The higher groups of resonances are similar in character to the first 
group, except, of course, that the frequencies are much higher. Ordi¬ 
narily, the higher groups of resonances are of little interest in magnetron 
operation and, therefore, are not usually studied in detail. Attempts 


^ The separation between the (A/2)-mode and the 



1 


^-mode varies approxi¬ 


mately as {\/N^){Ta/N\). 

2 It is interesting to observe that all of these variations can be interpreted physi¬ 
cally as means of increasing the ratio of the capacitance between the cathode and the 
anode segments to the capacitance of the resonator. In the equivalent-circuit theory 
this parameter alone determines the mode separation. 
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have been made, however, to operate magnetrons in the (n = 0)-mode 
of the second group. This mode has the advantage of being well sepa¬ 
rated from other modes and of being nondegenerate. 

2-B- End-space Effects.—Up to this point the problem of the end 
spaces has been completely, ignored. In order to discuss their effects, 
it is necessary to abandon the circuit analogies of the preceding sections 
and reconsider the problem from the point of view of field theory. 

The simplest kind of end-space problem, and one that can be solved 
exactly, is that of the closed-end anode block illustrated in Fig. 2-18. 
By considering the entire anode 
block as a section of waveguide of 
unusual cross section, the problem 
can be reduced to that of a section 
of waveguide with shorting plates 
at both ends. From this point of 
view the magnetron modes pre¬ 
viously discussed are transverse 
electric or J'£'-modes because the 
electric field has no axial com¬ 
ponent. The resonances of the 
cavity will occur when the guide is 
an integral number of half wave¬ 
lengths long, the wavelength being 
measured along the guide; that is, 
the resonance occurs when = 

2/i/p, where p is an integer greater 
than or equal to 1. The guide 
wavelength depends on the 

frequency and the mode according to the well-known formula 



where Xen is the cutoff wavelength for the mode in question. Thus the 
problem of finding the resonant frequencies has been reduced to the 
problem of finding the cutoff wavelengths for the anode block considered 
as a section of waveguide. It will be shown that the resonances found 
in the preceding section correspond to these cutoff wavelengths. 

The cutoff wavelengths cf a 7'ZjJ-mode in a waveguide are determined 
by the condition that the equation 

+( 077.-0 



Fig. 2-18.—Cutaway view of cloaEid-ond 
rcsDiiunt syatem. 


(39) 
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have a continuous solution with continuous first derivatives and that it 
satisfy the boundary condition that the normal derivative of Hz^ dHz/dn, 
be zero at the boundary. This condition is equivalent to the require¬ 
ment that the tangential electric field be zero at the boundaries. The 
fields and their associated wavelengths found in the preceding section 
satisfy the differential Eq. (39) and the above boundary condition. 
Furthermore, the fields are continuous except perhaps at a junction 
between regions of different geometry. 

The situation at a junction must be considered in detail. It simplifies 
matters to consider the specific case of the junction between a rectangular 
side resonator and the interaction space shown in Fig. 2T9. The fields 
in the two regions have been expressed in two different coordinate 
systems. It is assumed that the arc. of the cirt‘le p = Va and the straight 



Fio. 2’19.—JuiiotiDii of a siiie rosonator witli the interaetieii spaec. 

line X = 0 coincide across the resonator opening. As a corollary it 
follows that the y direction coincides with the (/> direction and the .r 
direction Avith the p direction. If the voltage is considered to be con¬ 
tinuous at the junction, it follows that is equal to Ey at the junction 
because both are constant across the resonator opening, and the voltage 
is given by the electric fields E^ or Ey times the opening width. In 
Sec. 2-7 it was asserted that resonance occurs Avhen the admittances at a 
junction match. Thus taking the voltage as continuous also ensures 
that the quantity fE*Hz dy is continuous at the junction. Because 
is constant, jHzdy and, therefore, average values of the magnetic 
fields match at the junction. The magnetic field as given by the side- 
resonator function is constant along the junction, whereas that given 
by the interaction-space function //z(a,0) is not. Therefore, the mag¬ 
netic field cannot be continuous at the junction. If, however, the gap 
is narrow, ffz(o,0) will vary only a small amount and the discontinuity 
in the magnetic field will be small because the average values match. 
The electric-field component that is normal to the boundary, E^ or Ej,, 
is also discontinuous across the junction boundary, for Ex is zero while 
Ep is not. However, Ep is small except very near the edges, where it 
becomes infinite. Therefore the fields are approximately continuous 
for a narrow opening.^ 

^ The discontinuity, of course, is due to the fact that the tangential electric field 
has been assumed to be constant along tho junction boundary. Had the correct 
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Thus, the resonant wavelengths computed in Sec. 2-7 should cor¬ 
respond closely to the required cutoff wavelengths, and from them the 
resonances of the closed-end anode can be computed. The experi¬ 
mental agreement is good; even with Nd = 0.5 and 27r7'o/X = 1.5 the 
results are dependable within approximately 1 per cent. 

The accuracy of the admittance matching method used in this 
chapter can be improved by finding a better approximation for the 
tangential electric field at the bounding surfaces. One can set up an 
integral equation for this field, and it should be possible to find approxi¬ 
mate solutions. Such methods have been very useful in the treatment 
of problems involving waveguide junctions and obstacles in waveguides.' 
No attempt has yet been made, however, to apply these methods to the 
magnetron problem. As a matter of fact, the error involved in the treat¬ 
ment (or nontreatment) of the end spaces is such as to make more accurate 
values of the cutoff wavelengths of little use for most purposes. 

There are other methods, based on field theory alone, for computing 
the cutoff wavelengths. One of these is the ‘^relaxation method,''^ 
which is essentially a method of successive approximations. While 
in principle one can achieve any desired degree of accuracy using this 
method, one finds in practice that a considerably longer computation 
time is required to achieve accuracy comparable to that achieved by 
the method outlined here, particularly when a large number of modes 
is involved. On the other hand the method of this chapter is limited to 
cases in which the resonant system can be split into regions of simple 
geometry, for which analytic solutions are possible. For resonant 
systems involving more complicated resonator shapes or resonant systems 
in which, for example, the anode segments are not all equidistant from 
the center of the magnetron, the relaxation method is very useful. 

The problem discussed above is idealized; any magnetron must have 
its cathode insulated from its anode. However, an anode block with 
(dosed-end resonators that has an open interaction space approximates 
closely the anode block just discussed. All wavelengths, however, are 
somewhat higher than computed; for the large ?i-modes the change is 
about 1 to 2 per cent, but the {n = l)-mode may be affected a great 
deal—as much as 25 per cent or more. It must also be remembered that 
the cathode is not usually a simple cylinder as assumed but may have 
end shields or other irregularities. This effect is usually small and can 
be accurately estimated after some experience. 


distribution, wliifli is unknown, been ehoseii for this field component, it would have 
been possible to find a frequency viilue for which all of the components would be 
continuous. 

^ See Vol. 10 of the Radiation Laboratory Series. 

^ D. N. de G. Allen, L. Fox, H. Motz, and R. V. Southwell, Phil. Trana. Roy. *Sioc., 
Series C4, I, 85 (1942); H. Ashcroft and C. Hurst, CVD Report WR-1558. 
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The usual end-space problem is much more complicated than the 
one just discussed. Most magnetrons with symmetric unstrapped 
resonant systems have an open-end anode block with an empty region 
on either end. In previous sections it was assumed that end conditions 
were such that there was no axial variation of the fields in the side 
resonators or the interaction space. For many open-end anode blocks 
this is a fairly good approximation; when anodes are longer than 0.4X 
and have end-spaces deeper than 0.2X, the modes for which n is greater 
than 1 agree within 2 or 3 per cent with the computed values. The 
experimental values are lower than the computed values. The (n = 1 )- 
mode is often depressed by more than 10 per cent. The general character 
of the spectrum and the relative separations, except for the (n = l)-mode, 
are accurately given. 

In the case of magnetrons operating at wavelengths greater than 
10 cm, both the anode-block height and end-space height are usuall}’^ 
small compared with the wavelength. (The anode height is usually 
less than iXjsr, and the end-space height less than ) Under these 
"2 ~2 
conditions the observed spectrum is quite different from that computed 
in the preceding sections. One finds the order of modes reversed; that 
is, the wavelengths increase rather than decrease as the mode number 
increases.^ 

The most extensive discussion of this effect appears in a report by J. C, 
Slater,^ which contains plots of the observed dependence of wavelength 
upon the heights of the block and the end spaces for an eight-resonator 
hole-and-slot anode block. One finds that the end-space height below 
which the order of modes is reversed decreases as the anode height is 
increased. From the point of view of application it is significant to note 


that the separation between the (iV/ 2 )- and 



-modes is 


small 


regardless of the order. 

It is evident that an adequate theoretical treatment of the end spaces 
applicable to short end spaces and small anode height would be desirable. 
Flux plotting methods^ have been developed which permit an accurate 


^ A good qualitative picture of the phenomena can be obtained by assuming the 
capacitances c in Fig. 2-5 shunted by inductances I and by assuming a particular 
dependence of c/C and L/l upon the height of the block and the end spaces. The 
required dependence upon the height of the block is, however, quite different from 
what one would expect physically. For further details see J. W. Dungey and 
R. Latham, "The Frequencies of the Resonant Modes of Magnetrons,” CVD Report 
WR-1223, July 14, 1D44. 

* J. C. Slater, "Resonant Modes of the Magnetron,” RL Report No. 43-1), 
Aug. 31, 1942, pp. 15-20. 

® P. D. Crout, "The Determination of Fields Satisfying Laplace’s, Poisson’s, and 
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treatment of the end spaces. Calculations have been carried through 
for an unstrapped anode block with end spaces and anode height such 
that the modes occur in reverse order, and very good agreement with 
experiment has been obtained. In addition, both the previously men¬ 
tioned relaxation method and the admittance matching method used in 
this chapter might in principle be extended to include the end spaces. 
The computations, however, become very laborious, and no such calcu¬ 
lations have been carried through with satisfactory accuracy. 



(a) 


Flu. 2*20.— (ri) LoiigituiiiiiLil f*roaa section of a magnetron uiiocle block showing the 
charge distribution and the direction of the impending current flow for a typical end-spare 
resonance; (b) equivalent circuit for the end-space resonance. 

As pointed out in Sec. 2T, the assumptions made prevent the resultant 
spectrum from being complete. There are an infinity of resonances that 
do not even approximately satisfy the assumed conditions. Ordinarily 
these are short-wavelength resonances that do not interfere Avith opera¬ 
tion and are rarely observed. There are, however, two types of reson¬ 
ances that may be troublesome. The first group is usually referred to 
as the resonances.^' These are similar in character to the ordinary 
magnetron resonances, except that there is axial variation of the fields. 
In fact, these resonances are characterized by an electric-field node at 
the median plane. The wavelengths of these resonances are of the same 

Associated Equations by Flux Plotting,” RL Report No. 1047, Jan. 23, 1946. 

P. D. Crout, "A Flux Plotting Method for Obtaining Fields Satisfying Max- 
weirs Equations, with Applications to the Magnetron,” RL Report No. 1048, Jan. 16, 
1946. 

F. E. Bothwell and P. D. Crout, “A Method for Calculating Magnetron Resonant 
Frequencies and Modes,” RL Report No. 1039, Feb. 8, 1946. 
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order of magnitude as the first group of ordinary resonances only when 
the anode is abnormally long. The second group is referred to as ^'end- 
space resonances.'^ These are characterized by strong fields in the end 
spaces and are most likely to be seen when the volume of the end spaces 
is larged The field distribution, together with an approximate equiva¬ 
lent circuit of a typical end-space resonance, is shown in Fig. 2-20. 

2-9. The Interaction Field.—The equations for the fields in the inter¬ 
action space have been derived in Sec. 2-6. These are 



The special case n = N/2 (wherein N must be an even number) w ill 
be discussed first. For this case the fields reduce to 


and 


These fields represent standing waves rather than rotating weaves, a 
consequence of the fact that the (n = iV/2)-mode is non degenerate. 
Furthermore, there is a 90° phase difference betw^een the electric and 
magnetic fields, as there always is in a standing-wave resonance. A 
qualitative picture of the electric field distribution is shown in Fig. 2-21. 

At the electron velocities in the magnetron (usually less than one- 
tenth the velocity of light) the force due to the oscillating magnetic- 
field is much less than that due to the electric field. Therefore a detailed 
discussion of the magnetic field is unnecessary. It is evident that the 
' Certain of the end-space resonances can also be regarded as n resonances. 
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f>lectric field eoiisists of a sum of harmonic components the relative 
amplitudes of which depend upon p through the functions. 


and 


Zyikra) 


for 


jy Zy( kp) 
kp ZyCkva) 


for Ep. 


For kva T these functions can be approximated by 


and 




I 


1 - 



“T 


-y 


respectively. These functions (except Ep for 7=1) all decrease as p 
approaches r^j and the rate of decrease increases rapidly with y. Thus, 
as p approaches Vc, the lower-order 
(components become more promi¬ 
nent. The extent of the effect 
depends upon rc/va, becoming less 
pronounced as Tc/ra approaches 
one. However, at the values of 
rc/va ordinarily used, the lowest 
component of the A^/2-mode is the 
predominant one at the cathode, 
and the angular dependence near 
the cathode is given very nearly 
by cos {N /2) 0. In a discussion of 
the interaction between the field and the electrons (see Chap. 6), the 
analysis of the field into harmonic components is very useful because it is 
usually possible to ignore all but one of the components. 



Fiq. 2-21.—Distribution of electric field in 
the interaction apace for the Tr-mode. 


The (n = 0)-modes share with the 


(-?> 


modes the property of 


nondegeneracy. 

77fe Degenerate Modes .—All other modes of the unstrapped resonant 
system have a degeneracy of the second order; that is, there is always 
a pair of linearly independent fields having the same resonant frequently. 
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In one of these the fundamental component [{m = 0 )-componentj 
rotates clockwise, whereas in the other it rotates counterclockwise.^ 
The harmonic components all appear as waves that rotate at different 
angular velocities; that is, the velocity of rotation is proportional to 
1 / 7 , and thus waves of negative 7 rotate in a direction opposite to those 
of positive 7. It is worth noting that the harmonic of the lowest 7 
(excluding the fundamental), given by m = — 1 , rotates in a direction 
opposite to that of the fundamental. The remarks that were made 
concerning the comparative rates of decrease of the harmonics with p 
for the nondegenerate modes apply here also. Ordinarily, however, the 
various harmonics are not integral multiples of the fundamental. 

Degeneracy leads to certain practical difficulties in magnetron 
design. It is never possible to make a magnetron perfectly symmetric. 
The lack of symmetry tends to split the degenerate modes into two 
nondegenerate modes with slightly differing resonant frequencies. 
Ordinarily, both components are excited, but the relative degree of 
excitation depends upon the nature of the splitting and can be expected 
to vary considerably from tube to tube. This splitting leads to a certain 
lack of uniformity in tubes operating in degenerate modes. 

2-10. Applications and Limitations.—It is evident from the preceding 
discussion that the unstrapped system has several resonant modes 
with which the electrons can couple (in the manner described in Chap. 1 ). 
The same is true of the other systems to be described later. Whether 
or not a magnetron can operate in a specific mode over a wide range of 
voltages, currents, and magnetic fields is determined for the most part 
by the wavelength and the field configuration of all the other modes 
relative to that specific one.^ The symmetric unstrapped resonant 
system is satisfactory only for low values of because its modes crowd 
together for high values of n and N. It will be seen later that this effect 
restricts their application to comparatively long wavelengths. 

The development of the unstrapped resonant system was abandoned 
when the strapped and rising-sun systems were discovered. Conse¬ 
quently, no extended attempt has been made to design the best possible 
unstrapped magnetron or to find what is the largest possible N that can 
be used. The largest N that has been used with full success® is 6 . This 

' There is a certain degree of arbitrariness with regard to which pair of fields is 
taken as fundamental. Thus it is possible to form other linearly independent pairs 
by taking linear combinations of the pair chosen above. 

* The various factors that affect mode selection are discussed in Chap. 8. 

^ It is possible to increase the separation between the 7r-mode and the — 1^- 

inode by bringing a ring very close to the ends of the anode segments. Successful 
experimental magnetrons with JV = 8 have been constructed by making use of such 
a ring. 
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six-resonator magnetron^ oscillates in the 7r-mode = —j in the 700- 

Mc/sec band at an efficiency of 35 to 40 per cent. Thus, at a pulse 
current of 10 amp and 12,500 volts, the tube will produce 50-kw pulse 
power. 

Another example of a 7r-mode unstrapped magnetron is the original 
British 10-cm tube. It has eight resonators, and the separation between 
the TT-mode and the 3-mode is only 1 per cent. The maximum efficiency 
varies from 20 to 30 per cent so that at a pulse input of 15 amp and 12,000 
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I'^io. 2-22.—FC/ro, h/a) in rarlians plotted as a function of ka for h/a oipial to 1.15 to 4.0. 


volts an output of 45 kw inight be obtained. At currents below 10 amp 
the tube oscillates in the 3-mode, and in general performance is erratic 
from tube to tube. 

In both of the magnetrons described above, the anode length and 
end spaces are so short that the modes appear in reverse order (Sec. 
2-8)— the TT-mode is the longest-wavelength mode. 

2-11. The Computation of Admittances.—In the various admittance 
formulas derived in previous sections, the dependence of admittance 
upon frequency and certain of the geometric parameters is contained in 
some rather complicated expressions involving Bessel and Neuman 


1 The 700 A (B, C, D) series. 
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functions. Tables, plots, and approximation formulas that are uselul 
for the computation of these admittances appear below. 

The Annular Sector Resonator. —The admittance of the annular 
sector shown in Fig. 211 is given by 


F = 



h J„ika)Ni(kb) - Ji(kh)No{ka) 
ykaTiikcON^ikh) - Ji{kb)Niika) 


The functions 


J„(ka)Ni(kb) - Jiikb)N<,ika) 
Jiika)Niikbj - Jiikb)Ni(ka) 


are plotted in Figs. 2-22 and 2 2.3 as a function of ha for various values 



Fiq. 2-23.— F{ka, h/a) in rudiHiFs plotted as a function of ka for h/a equal to 4 to 10. 


of h/a. The function F{ha, h/a), rather than cot F, has been plotted in 
order to facilitate interpolation between the given values of h/a. The 
succession of poles in cot F AA^ould make interpolation between curves 
very difficult. 

The Cylindrical Resonator. —The admittance of the cylindrical 
resonator shown in Fig. 2T0 is given by 
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y = .7 


; /IlL JL r I 9 V ^ 
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For /to I (which it usually is) one can take 
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which gives the frequency dependence comparatively simply. The 
series 


1 sin 

l' - ^ 1 

\ pi' / 

' pHp + i). 


Li \ p ^ J V 

p=\ 


converges rather slowly for small A'alues of i/'. One can shoAv, however, 
that 




+ ^ H- 
^ 2700 ^ 


which converges quite rapidly for small values of yp (including tVie usual 
range of values for \p). The series 



1 

P^ip + 1 ) 


converges quite rapidly. Furthermore, one can usually omit the terms 
in (kay. 

For larger values of ka one can correct the above formula by using 
the exact values for [Jp(ka)]/[Jp(ka)] for the low values of p and the 
series approximations for the larger values (larger values means those 
for which ka <<C p). 




Table 2-2 .—Values of [Jnikra)\/[J*„{kra)\ 
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[Sec. 211 


The Interaction Space .—The admittance is given by 


_ . ^ iV/f ^ /sin Zy(kra) 

\ jun 27r7’„ \ yO / 


yS J 7/y{kra) 




/Un ^TTVa 


where y — n + inN. Ff)r kra <3C y one c;an use 

ZyikVa) kVa /. , _ i _ (a To) ' 

“ [7I ^ ^ ^ 2 ?(|yl + f) 

where tr = r^/ro. 

Since kra is not always less than n, one uses for K(0,ka) 


KieM, = -H ... X' (=;')' 


ItI 




2tMt| + 1 : 


in — — * 


where the symbol 2' indicates omission of the term for vliich nt =- 0. 
For tr = 0, [Zn(kra)]/lZi,(kra)] = [Jn(^'ra)]/lJn(kr.i)]. Values for these, 
functions for n = 0 through 9 appear in Table 2*2. For values of n ^ 2, 
the approximation Zn/Z!^ = is often satisfactory. 



CHAPTER 3 


THE RISING-SUN SYSTEM 



Hy N. Kuolt. 

The discussion of the unstrapped system has sliown that a desirable 
resonant system would be one in which the A/2-mode is well separated 
from the neighboring inodes and, further, 
remains w^ell separated for values of N sub¬ 
stantially larger than those usable in un¬ 
strapped systems. Two systems an' 
commonly used to accomplish this objective. 

One is the rising-sun system in which alter¬ 
nate resonators are alike but adjacent 
resonators are not alike; the other is the 
strapped system,^ discussed in (^hap. 4. 

Two examples of the rising-sun structure are 
shown in Fig. 31. The design of Fig. 3-la 
is obviously suggt'slive of the rather pictur- 
estpie term by which this type of magnetron 
is knoAAn. 

3-1. The Spectrum. —The electromag¬ 
netic-field problem for the rising-sun system 
can be reduced to a circuit problem by pre¬ 
cisely the same means that were used for the 
unstrai)ped system (Kec. 21). That is, the 
magnetron can be represented by the circuit 
in Fig. 3-2, w^here the interaction space is 
represented by a netAvork of N pairs of ter¬ 
minals and the resonators by admittances 
having a single pair of terminals. The 
assumptions leading to this representation 
are the same as those discussed in Sec. 2-1 
and lead to the same restrictions upon the solutions. 

In order to find the resonant frequencies, it aauII be necessary, as 
before, to investigate the circuit properties of the various elements. 

^ Arrangpincnts of unlikr resonators diiTering from lliat of the rising-sun system 
have been given some theoretieal eonsifleratinn. None of these has appeared to he 
j)roinising, and none seems to offer any advantages over the rising-sun structure. 
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(b) 

I'lij. 3 1. Two examples of 
nsing-sun lesoiiaiit s.vstems: (a) 
vane type; (1;) vane pe with 
modified laige resonatois. 
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THE RISING-SUN SYSTEM 


[Sf!c. 3-1 


These properties have already been fully investigated for the resonators 
and can be summarized by the functions Fr, and F^j. These functions 
are the admittances of the even- and odd-numbered resonators respec¬ 
tively (numbered as in Fig. 3 2) and are functions of the frequency. 
Formulas for computing these admittances for different resonator shapes 
are derived in Sec. 2-5. 

On the other hand, the properties of the interaction space were not 
investigated fully enough to deal with the problem of this chapter. In 
Chap. 2, admittances for the unstrapped system were computed with 
the restriction that the electric field differed from gap to gap by only a 
constant phase factor; this resulted in the condition of equal admittances 
seen at any gap. This restriction is clearly invalid for the rising-sun 



Fig. 3-2.—Circuit representation of the rising-sun system. 

system, inasmuch as the admittances seen at adjacent gaps must, in 
general, be different. For the rising-sun system one assumes, as before, 
that the tangential electric field along the dotted boundaries (Fig. 213) 
is constant at each gap. Furthermore, one assumes that the field varies 
from even-numbered gap to even-numbered gap as and from 

odd-numbered gap to odd-numbered gap also as no restric¬ 

tion placed upon the ratio of the field at an even-numbered gap to that 
at an odd-numbered gap.^ Thus the electric field at even-numbered 
gaps can be represented by at odd-numbered gaps by 

£j[o)gi 2 irin/N)q^ whcrc the ratio is arbitrary and may be complex. 

The required admittances can be readily computed by an application 
of the principle of superposition to previously obtained results. The field 
distribution described in the above paragraph can be obtained by super¬ 
posing two '‘symmetric” distributions for which the tangential electric field 

^ As in Chap. 2, r/ is the gap number and has values of 0 to N — 1, and n is an 
integer. 
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THE SPECTRUM 
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at the Q'th gap is given by and 2 )/^}^ respectively. 

The electromagnetic fields associated with these distributions have been 
computed in Sec. 2-6 [Eq. (2-36)]. A superposition of these fields gives 

rise to the distribution ^ 2 )/ J® which is equal 

to [E ( — 1 ) ^£"]e^27rnf7/Ar jg gvidcnt that the field varies properly 
from even-numbered gap to even-numbered gap and from odd-numbered 
gap to odd-numbered gap. Thus E^'‘^ = E E' and = E — E^; and 
inasmuch as E'/PJ is arbitrary, so is E^'^/E^^^. 

The magnetic field at the various gaps will be given by 


llzij'a, 0) = //(ra, 0) + H'{ra, 0), 

where H (r„, 0) is the magnetic-field distribution associated with 

^pf27r/»./Ar)ry^ iiiul //'('/*«, 0) is that associatcd with 2 )/^]® 

According to the treatment following Eq. (2-36), Sec. 2 lj, the admit¬ 
tance seen at the ^th gap is given by 

■(2W^')+9 


y(</) 




[2„q/N) - 9 






(1) 


(E -h 

since = {.E -|- ( — 1 )range of integration. 
According to Eq. 2-3(i, //(r„, 0) = /f 0 — 






_ 

n) 

Thus, taking = (^<l> ~ reduces to 


Q{2Trjn/N) 


yiq) 


h 


1 


4r„0^r‘+ (^;'/F)(-])'‘ 


E 




^)dA 

w / 


( 2 ) 


The admittances Y„ computed in Sec. 2-6 can be written as 


E 


( 3 ) 
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Similarly, 

,, ,, k 

Tims the expression for reduces to 


Fn + RY 



yw = ../ 

1 + 

(g even) 

(5a) 

and 





y(") = __^2 __i 

1 - R 

(fZ odd), 

(5f>) 

where R 

= E'/E. Therefore the admittan 

ces depend upon R a 

,s well 


as upon the frecpiency. 

For resonance to occur it is necessary that tlie admittances match at 
both odd- and even-resonator openings. This condition yields 

F. + RY.r,_ X 

— "^ + F., =0, (6a) 

"- ^ -1- Fr, = 0, (66) 


which on eliminating R yield, after some manipulation, 

F. + F, 


+ Yr 


-+1 


r„ - 1’ 


(f-) 


( 7 ) 


The resonant frequency having been computed, R can be found from 


5" 71 + f n 

Y /N \ + ^ r, 

U-v 


Y 71 + y^r. 

Y /n \ + 5 

u-v 


( 8 ) 


As ill the case of the unstrapped system, the resonance equation 
depends upon n. For the unstrapped system it was necessary to con¬ 
sider only the values 0 to A/2 for n, as replacing n Viy — n or by (n -|- mN) 
where m is any integer, left the resonance equation unchanged. For 
the rising-sun system, however, the values 0 to A/4 [or (A — 2)/4, 

/a \ 

whichever is an integer] are sufficient, as replacing n by I — nh as 
well as by (n + mA) or — n, leaves the resonance equation unchanged. 
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Each equation has an infinite number of roots, although only the lower- 
frequency roots are of practical interest (ordinarily only the first two are 
of interest). While it would be simplest to use a mode-numbering 
system analogous to that used for the unstrapped system, i.c., for 
the (p + l)-root of the frequency equation determined by n, this is not 
the system in common use. It has become customary to regard any 
magnetron resonant system having side resonators as a modification of the 
unstrapped system. That is, one considers the system as having been 
produced by a continuous perturbation of the unstrapped system. As 
the unstrapped system is modified, the resonant frequencies and their 
associated field distributions will also be modified and will change 
continuously if the perturbation is effected continuously. This implies 
that the modes of one system join continuously to the modes of the 
other and thus that there is a 1-to-l correspondence between the modes 
of one system and the modes of the other. From this pomi of view it is 
convenient to give corresponding modes the same number. linfoi- 
tunately the correspondence is not unique (that is, it depends upon the 
intermediate steps of the perturbation), so that it is necessary to specify 
the way in which the perturbation is performed. For the rising-sun 
system one considers the perturbation as having been made by a con¬ 
tinuous alteration of the side resonators, other dimensions being held 
fixed. Til all practical cases this leads to the mode number n for the 

(N \ 

first root of ¥a\. (7) and the mode number ( — “ for the second root. 


The higher roots always correspond to the higher-order 7i- or 



modes, with the particular correspondence depending upon the specific 


Equation (7) contains the unstrapped system as a special case. 
For, setting = Vj.., — Y, gives 


In + I /V 

(2 "V 

2 



which yields the two equations 

Yr -h Fn = 0 and 



Fr 4 - F/v \ — 0. 

u-v 


( 9 ) 


These are, of course, the previously derived equations for the n- and 

modes of the unstrapped system. 

Although Eq. (7) appears to be complicated, it is subject to a simple 
physical interpretation. In order to illustrate this interpretation the 
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following specific example will be used. An 18-resonator anode block 
similar to that shown in Fig. 2'17 will be used,' in this all dimensions 
are held fixed except the lengths of alternate resonators w^hich are 
allowed to increase. In Fig. 3 3 the resultant resonant frequencies of 

the modes 1 to 9 are plotted as a 
function of the ratio of large to 
small resonator depths (ri =^ 2 /^ 1 ). 
Following the mode-numbering 
convention discussed above, th(‘ 
9-mode is found as the second r[)ot 
of Eq. (7) withn = 0 (the first root 
is the trivial w = 0); the 1- and 8- 
modes are found as the first and 
second roots of Eq. (7) with n = 1 ; 
and so forth for the other modes. 
It is evident that for sufficiently^ 
large values of ri, the {n — N/2)- 
rnode or the 9-mode becomes well 
separated from its neighbors, a re¬ 
quirement for operation in this 
mode. Furthermore, the other 
modes appear to break into two 
distinct groups, each of which 
bears a suggestive resemblance to 
the first group of modes of an 
unstrapped system having nine 
resonators. Table 31 shows the 
modes of the rising-sun system for 
d 2 ./d\ = 2.1 compared with the modes of an unstrapped system having the 
same dimensions as the rising-sun system except that in Case I the small 



Fig. 3-3. —Mode spectrum of a rising-sun 
system as a function of the ratio of large 
resonator depth da to small resonator depth 
fii held fixed. Xttd is the 7r-mode wavelength 
for d-i/di = 1. Dimensions: di/XTru = 0.172; 
da/\ir^ = 0.524; d, = 0; 0 = 0.060 radians. 


Table 3-1.*—The Resonances oe an 18-hesonator Rising-stin System Comcared 
WITH Those of Tavo Nine-hesonatoh UNSTitAcrEi) Hystems 
Case I ( 'hke^ 11 


Xl/Xi = 0.087 
X'/X. = 0.9975 
\[/\, = 0.9994 
X;/X4 = 0.9997 
xJ./Xb = 0.8816 


\”/\n = 1.006 

X'VX7 = 1.015 
X'/Ar. = 1.0034 
= 1.0006 


resonators have been filled with metal leaving nine large resonators and 
in Case II the large resonators have been filled Avith metal leaving the 

^The values of Xn are the resonances of the rising-sun system of Fig. 3-3 at 
dz/di = 2.1. The X^^ are the resonances of the nine-resonator unstrapped system 
formed by filling the small resonators with metal; the X„ are those of the nine-reso¬ 
nator symmetric system formed by filling the large resonators with metal. 
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nine small resonators. These results suggest that a rising-sun system of 
iV resonators ran be interpreted as two symmetric N/2 resonator systems 
coupled together. A careful examination of Eq. (7) will corroborate this 
interpretation. 

Consider first the expression [) „ + Y/n \1/2. Substituting the 
expression in Eq. 2-37 yields 


Yn + Y 


(f-") 


= -■ /i" V /'s'n 7 _oY 

^\tiu4irra Z/ Z'^(kra)\ yS /' 


( 10 ) 


where 7 = n + rn{N/2). 

This expression, however, corresponds precisely to for an inteiM.ction 
space having precisely the same dimensions but N/2 openings instead 
of N openings. Then 


Yn + F/jv \ 
AiV 
2 


+ F,, = 0 


is the equation for the resonant fretpiencies of an unstrapped system 
formed by the N/2 resonators corresponding to one set of side resonators 
with the other set of side resonators filled with metal. A similar state¬ 
ment applies to the equation 


Yn + F/JV \ 

K2"V 

2 


+ F,, 


0 . 


Thus the resonance equation for the rising-sun anode block, 


y n + y xjv \ 

b-v 

2 


+ F, 


y n + y /TV x 

2 


" 

+ F., 



( 11 ) 


can be interpreted as a coupling equation for the corresponding inodes 
of the two unstrapped systems with the term [(Fn — kV )/2]“ deter¬ 


mining the strength of coupling. When this term is small, the coupling 
is weak and the resonances of the two systems are shifted only a very 
small amount. Except for the case n = 0, [(Fn — Fjv )/2]^ is quite 

;r- n 


small and becomes smaller as n and 



become more nearly equal. 


In the extreme case of n = A/4, the coupling term is identically zero and 
the resonance associatetj with one set of resonators is completely inde¬ 
pendent of the dimensions of the other set. Ordinarily (except for 



90 


THE RISING-SUN SYSTEM 


[Sec. 3-1 


n = 0), the coupling is quite weak,^ although there is an important 
exception when the resonant frequencies of the two systems occur close 
together. Then both bracketed terms are small over the same fre¬ 
quency raugCj and the coupling term becomes important. This intei- 
pretation of the rising-sun resonances will be further supported in 
Sec. 3-2, where the field distribution will be examined. 

Figure 3-3 shows the spectrum over the range of ratios in general 
use; the two groups shown correspond to the first group of resonances 
for both the large- and small-resonator systems. In the case shown, 



Fig. 3 4. — Mode spertrum, for large values of n, of the rising-sun system of Fig. 3-3. 
The two groups shown oorrcspond to the first group of the small-resDiiator system and the 
second group of the large-resonator system. 

the first group of resonances of the smaller-resonator unstrapped system 
happens to occur at a much higher wavelength range than that of the 
second group of resonances for the larger-resoiiator unstrapped system 
(not shown in the figure). For very large ratios this is no longer the case. 
Figure 3-4 shows the approximate behavior of the modes of the second 
group of the large-resonator system in relation to the first group of the 
small-resonator system, for ri greater than 3. 

Although the preceding discussion was to a large extent in reference 
to an A = 18 resonant system, the discussion can easily be generalized. 
Thus, for a rising-sun system with N resonators and a ratio of resonator 
depths that is not too close to 1, the resonances of the first group of the 
spectrum can be divided into three subgroups. There is the set of modes 
numbered 1, 2, ■ • ■ , (TV — 2)/4 (or iV/4). These correspond closely to 

^ This remark applies mainly to the case of small da/Xir. As this quantity is 
increased, the coupling becomes stronger for n 9 ^ 0 and somewhat weaker for n = 0. 
For values of do/X^r used in practice the coupling is always weak for n ^ 2 but may be 
quite strong for n = 1. 
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the 1, 2, ■ ■ ■ , (A^ — 2)/4 (or N/\) of the unstrapped system of N/2 
jesonators formed by filling the small resonators with metal. This set 
is frequently referred to as the upper multiplet. Second, there is the 
set of modes (the lower multiplet) numbered {N + 2)/4 or A^/4, • * ■ , 
(Ar/2) — 1. For moderate ratios of resonator sizes, these correspond 
closely to the {N — 2)/4, (or Ar/4), • ■ ■ 2, 1, modes of the unstrapped 
system of N/2 resonators formed by filling the large resonators with 


metal. [Note that the order is reversed. Thus the 


■a-0- 


mode 




2i, 1 1 , modes of the large-resonator system 


of the rising-sun system corresponds to the 1-mode of the unstrapped 
system.] For very large ratios these modes correspond closely to the 

4 

(that is, the second group of resonances). This last correspondence 
occurs Avhen the second group of 
resonances of the large-resonator 
system happens to occur at a longer 
Avavelength than the first group of 
resonances for the small-resonator 
system. Third, there is the tt- or 
N/2-mode, Avhich occurs between 
the two subgroups mentioned 
above. The 7r-mode corresponds 
roughly to the Oi-modc of the large- 
resonator system, but its wave¬ 
length is as dependent upon the 
small-resonator dimensions as it 
is upon the 1 a r g e - r e s o n at o r 
dimensions.^ 

As in the treatment of the un¬ 
strapped system, the preceding 
theory has entirely neglected the 
end spaces. The effects of the end 
spaces are somewhat similar for the 
two cases, in that all wavelengths 
turn out to be lower than the computed values. On the other hand, the 
general character of the spectrum and order of the modes remain the same. 
The reversal of order, mentioned for the unstrapped system, has never been 
observed in rising-sun systems, although one might expect it to occur 



Endspace height 

.^-5.—Typical example of the effei-t 
of Riirl-.spacp lieiKlit on the mode spectrum of 
a rising-sun tube. An is the initial value 
of tlie x-niode wavelength. Dimcnsioiis; 
da/\a = 0.27; h/U = 0.31; n = 1.75. 


^ The Oi-mode referred to above should not be confused with the Oi-mode in 
l^ig. 3-4, which is the Oi-inode for the rising-sun system. The hitter corresponds to 
the Oi-inode of the small-resonator system for small ratios and to the 02 -mode of the 
1 fir ge-resonator system for large ratios. 
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for very short anodes with very short end spaces. The magnitude of 
the end-space effect depends upon the dimensions of the end space and 
the relative sizes of the side resonators. Experimentally it has been 
found that the 7r-mode may be depressed from 2 to 8 per cent; the lower- 
Avavelength modes of the long-wavelength group are rarely depressed as 
much as 5 per cent, while the highest-wavelength mode, the 1-mode, 
may be depressed more than 20 per cent. The mode just below the 


TT-mode, the 



-mode, is depressed about the 


same amount as the 


TT-mode, although the separation between the two is usually changerl 
somewhat. The other modes below the 7r-mode wavelength are depressed 
about 2 per cent. Figure 3‘5 shows a typical example of the effect of 
end-space height on the mode spectrum. 

3-2. The Interaction Field. —The tangential electric field at each gap 
was found in the last section to be given by 


This distribution was found by superposing the electromagnetic fields 
associated with )'']A ^nd the fields associated with 


The various field components in the interaction space can then be found 
by simply superposing the fields associated with the above distributions 
Thus 


E. 


= I 


t [("r) 


Z'-rikp) 


J giyl. 



H, = 


_ jloNeE ' 

\Mo tt 


oe 

4 LV ye 


Z'yikr,) 


where 7 = n + mN and y' 



(12a) 


(126) 


(12c) 
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It is now possible to see which modes are degenerate and which are 
not. Substitution of — n does not change the resonant frequencies of 
the modes. However, except for n = 0 or n = iV/4, it does lead to a 
field distribution that is linearly independent of the +n field.^ These 
modes then have a second-order degeneracy. When ti = 0 , no sign 
change is possible ( —n = +^), so that the 7r-mode is nondegenerate. 
To consider the case n = A^/4, it is necessary to know the value of R. 
It can be shown that for the (n = JV^/4)-resonance associated with the 
even-numbered resonators 7? = 1, and for the iV/4-resonance associated 
with the odd-numbered resonators 7^ = — 1. In either case, replacing n 
by — n does not lead to a linearly independent field so that modes with 
n = iV/4 are also nondegenerate. This is readily understandable if one 
observes what happens as the even- and odd-numbered resonators 
become alike. It is evident that the two roots of FJq. (7) for n = N/4. 
are equal if Yry = Yri- It is also evident that both roots must be called 


A/^/4-modes because 



is also equal to N/Y 


This corresponds 


to the fact that the iV/4-mode has a second-order degeneracy in an 
unstrapped system. When the unstrapped system is perturbed into the 
rising-sun system, this N/4 doublet splits, with one resonance following 
the odd-numbered resonator system and the other following the even- 
numbered resonator system. Thus, a rising-sun system in Avhich N/4 
is an integer has two JV/4-resonances. These two nondegenerate modes 
can be thought of as 7r-modes for the two unstrapped i\r/2-resonator 


systems. 

It is apparent from the above expressions that a more detailed study 
of the fields requires further knowledge of R. It Avill be of interest to 
study some limiting cases first. 

Ca.se 1.—Fr, = Yr^ = Yr. Here Fq. (7) can be factored yielding 


Yr + F. = 0, 


^N'hich gives the //--mode frequencies, and 


Fr + F \ — 0, 

hr-V 


which gives the 


— n j-mode frequencies. Because 

F.+ F. 

Fr + F / V 


R = - 




it is clear that 7^ = 0 for an n-mode, and the fields are identical with 

' Rcpladng n by -j- m docs not lead to linearly independent fields, [Note 
that R becoiiii‘s inviTtcil when in is odd (Bq. 8).l 
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those previously computed for an unstrapped system with N resonators 
oscillating in the n-mode. The ratio of the voltage^ across an odd- 
numbered gap to that across the adjacent even-numbered gap in the 
clockwise direction is [(1 — R)/(l + Thus if R = 0, the ratio 

is which is appropriate to the n-mode of an unstrapped system 

rotating counterclockwise. 

/N \ 

For the I ~ 1-mode R = ^. In order to have finite fields one 
must take RV finite and equal to V' with F = 0. Then the fields are 

identical wfith those previously computed for the e-> 

I or the voltage ratio here is 

(1 + ft) 6 ==-^"/" ® 

which is appropriate to the 


-mode. 


■mode of an unstrapped system 


rotating clockwdse. 

Thus it can be seen that for 7^ very near zero the voltages across odd 
and even gaps are approximately equal in magnitude. The fields are 
like those of a symmetric system with N resonators oscillating in the 

n-mode, with a small amount of — n^-mode mixed in. For R 

very large, the voltages across odd and even gaps are also approximately 
equal in magnitude. In this case the fields are like those of an unstrapped 

system with N resonators oscillating in the — n^mode with a small 
amount of n-mode mixed in. 

Case 2.— Yr, ^. This is the case for which the odd-numbered 
resonators are replaced by metal and the system reduces to an unstrapped 
system with A^/2-rcsonators. The resonance equation becomes 


+ 

'2 


+ Yr. = 0 


and 


Yn 


R = - 


Yr, + 


- 


+ Fjv_ 
2 


F.. + F^ 


2 

Yn + FjV” 


= 1 . 


F^ - 


Then [(1 — R)/il + = 0, which is to be expected because the 

odd-numbered gaps are no longer present. The fields are those previously 
1 Here V = and 7' = 2ra,dE'\ thus F'/T = E'/E = R. 
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coiTiputed ior the n-mode of an unstrapped system with iV/2-resonators. 
For example, can be written as 


„ _ NBE Y Ain 7 A Z\{kp 

* 4 \yf )K{,W 


.(M 

:) 




(13) 


0.6 


0.5 


0.4 


: 0.3 


0.2 


0.1 


where 7 = n + mNf 2. 

Thus if R is near 1, the field is very much like that of an unstrapped 
system with A7^/2-resonat(jrs. The voltage across odd-numbered gaps 
is very small compared with that across even-numbered gaps. As a rule 
this means that the odd-numbered resonators are very weakly excited. 

It can be shown similarly that 
R approaches —1 as Yr^ becomes 
very 1 arge. In this case the voltage 
across even-numbered gaps is 
small compared with that across 
odd-numbered gaps, and again the 
lield is similar to that of an un¬ 
strapped system with A^/ 2 -reso- 
naturs oscillating in the 7 i-mode.‘ 

It is evident that a good picture 
of the modification of the interac¬ 
tion field may be obtained by 
studying the variation of R as the 
shape of the odd or even set of 
lesonators is changed. The be¬ 
havior of Ji for the 7 r-mode, 
although not typical of the usual 
behavior of /v, is of fundamental 
importance in magnetron operation and will be discussed first. For a 
specific example consider the anode block used in Fig. 3-3 for which 

— 1 /Rtt is plotted as a function of ih/dx in Fig. 3 (). As would be expect,ed 
from the preiieding discussion —I/Rtt is zero for d. 2 /dx =1. It is appar¬ 
ent that as do/di becomes large, — X/Rtt approaches asymptotically a value 
that is less than 1 . In fact, it can readily be shown that — 1//C is always 
less than I/[I + (2Ai/Ar)] where Ay is the total area of the small reso¬ 
nators and A,, is the area of the interaction space; this is the value which 

— l/7^,r approaches in Fig. 3 (). In terms of voltages, this means that for 
d^/di = I, the voltage across odd and even resonators is equal. As 

^ The expressions for the field eomponeiits obtained by setting 72 = —1 are 
formally different from those previously derived because of an effective shift of the 
polar axis through an angle 27 r/A. That is, since the even-numbered resonators are 
effectively absent, the polar axis goes between two resonators instead of through the 
center of n resonator. 


~~y~' 
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3.0 


Fiu. 3-6.- I/TJtt as a function of ri for the 

anode of Fig. 3-3. 
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d 2 /di increases, the voltage across the large resonators becomes larger 
than that across the small resonators, with the ratio approaching 
Ai/{Af. + ^i) as d 2 /di becomes large. The fact that the voltages across 
the odd and even resonators are unequal implies that there is a net 
voltage around the anode circumference, a fact that is evident from an 
examination of for 


E 




NBE r J_ Z[{kp ) 

TT ZoikTa) 



(14) 


and it is thus clear that for — l/R^r > 0, has a component that is inde¬ 
pendent of 0. Thus Ta E^d<t* is not zero. A better understanding 
of the origin of this voltage can be had from an examination of the charge 



Fil;. 3'7.—Qualitiitive ilistfibutit>n of iriaKnetiL' fitUcl and puireiit with iinpendinp; tdiai Ke 
distribution for (a) tlic Tr-iiiude of an A'^-resDiiator risiiiK-wuii system; (^) the 7 r-inode of an 
V-resonator unstrapped s^ stein; and (c) the Oi-mode of an A^/li-rBsonator unstrapperl 
system. MaKiictie lines into paper • • • ; magnetic lines out from paper odd. 

and current distribution. Figure 3-7a shows the distribution of charge, 
current, and magnetic field in a rising-sun anode block. Whereas the 
voltages at odd- and even-resonator openings are opposite in direction, 
the magnetic fields are in the same direction. This would indicate that 
the magnetic field in the interaction space is unidirectional or that there 
is a net magnetic flux linking the anode circumference. This flux can 
be thought of as inducing the net voltage around the anode circumference. 
It is also apparent that the current across the anode segments is uni¬ 
directional. Figure 3-7?i and c shows the charge and current distribution 
for the TT-mode in an A-resonator unstrapped system and the Oi-mode 
in an (A/2)-resonator unstrapped system. The 7r-mode of the rising-sun 
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system evidently bears a certain resemblance to each and ma-y be regarded 
as a perturbation of either. 

As a measure of the distortion of the 7r-mode field in the rising-sun 
system, it is customary to use the ratio of the (7 = 0) component to the 
(y = ^ 72 )-component of E^. This ratio is given by 

- Z'MZlS'Ta) ^ e 

Rip) = -(15) 

2 ZQ{kra)Z'j^/ 2 {kp)R^ siii ^ ^ 


For rising-sun magnetrons in common use, this quantity is in the neigh- 
l)orhood of 0.1 at p = Ta. However, the A^/2-componcnt falls off much 


more rapidly than the zero com¬ 
ponent as p approaches rr, and it 
is possible for R to exceed 1 in the 
vicinity of the cathode. 

The behavior of R for modes 
other than the 7r-mode is quite 
different from that for the 7r-mode. 
As a specific example, consider the 
(n = 2)-mode and the (n = 7)- or 
/N \ 

1 — — 2 j-mode for the anode block 



used in Fig. 3-3. In Fig. 3-8, —/I'o 1 15 2.0 ^ 2.5 3.0 

and l/R^ are plotted as functions 

ol d^i/d\. Although these quanti- Fik. 3-8. - and l//^7 as funntiDns of 

ties have the expected value of '*•’<''' >" 

zero for r/o/f/i — 1, they approach 

the value 1 quite rapidly, so that even for the rather moderate ratios usetl 
in practice the voltage across one set of resonators is small compared 
with that across the other set. In the case of the 2-mode the large 
resonators are the strongly excited ones, while for the 7-mode it is the 
small ones that are strongly excited. 

Ri differs from —R 2 in that it does not approach 1 asymptotically. 
In fact, when the ratio d^/di becomes so large that the lower-group 
resonances become associated with the large resonators, R-j changes 
rapidly from 1 and begins to approach — 1 asymptotically, which corre¬ 
sponds to the fact that the large resonators have come to be the strongly 
excited set. This behavior of R is typical of all modes except 7r-modes; 
that is, for the upper group R behaves like R 2 , and for the lower group R 
behaves like Rt. Table 3 2 shows the values of Rn and also the ratio 
|Fl|/1F.s’ 1 of the magnitudes of voltages across the large and small 
resonators for ^ 2/^1 = 2.1. 
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Further support for the interpretation of the rising-sun structure as 
two unstrapped systems coupled together is given by the field distribu¬ 
tions. The coupling is quite weak for all the non-7r-modes except for 


/N \ \ 

the I 2 “ 1 1-mode and becomes increasingly weak as n or I — — nJ 

approaches N/4.. For the values of d 2 /di used in practice and for the 

/N \ 

modes 1 through I j-— 2 1, an account of the spectrum and fields suffi¬ 
ciently accurate for many purposes can easily be obtained by ignoring the 


Table 3-2.— Value oe 72, , and also the Ratio IFlI/IV aI of the Maonitudes of 
THE Voltages across the Large and Small Resonators for = 2.1 


n 

Bn 

l^'L| 

|F,sl 

1 

-0-807 

9.34 

2 

! -0.908 

19.2 

3 

-0.955 

43.5 

4 

-0.986 

114. 

9 

-2.290 

2.55 

B 

2.680 

0.457 

7 

1.370 

0.157 

(i 

! 1.140 

0.007 

5 

1.050 

0.024 


set of resonators that are weakly excited and using the formuhis for an 
unstrapped system of iV/2-resonators. At the value of d^/dy and di/X^ 


ordinarily used, the 


(?-■> 


N 

mode retains a large measure of its -- — 1 


character. The comparative excitation of the two sets of side resonators 
is of the same order as that for the 7r-mode. 

3-3. The Effect of the Mode Spectrum and Field Characteristics on 
n-mode Operation. I^he -7 = 9 Field Component .—The interaction field 
of the TT-mode in a rising-sun system differs from that of the 7r-mode in an 
unstrapped system (see Chap. 2) or a strapped system (see Chap. 4) 
in that the 0-component of the electric field has a y = 0 field component. 
A detailed account of the effect of this component upon magnetron 
operation would require a discussion of magnetron electronics, a 
portion of magnetron theory that is very complicated and at present is 
incomplete. It will thus be possible to discuss the effects in a qualitative 
way only. 

The most important effect of the zero component consists of a reso¬ 
nance phenomenon that occurs when \B lies between 12,000 and 13,000 
gauss cm or 0.012 and 0.013 weber per meter. From both theory and 
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experiment it would be expected that the electronic efficiency' at constant 
current would be a monotonic increasing function of the magnetic field; 
but in a rising-sun magnetron in the vicinity of \B = 12,000 gauss cm, 
there is a pronounced efficiency dip as shown in Fig. 3*9. Both the depth 
and breadth of this dip increase with increasing amounts of zero compo¬ 
nent. This effect is very important for magnetrons designed to operate 
below this dip (which at present includes all magnetrons for wave¬ 
lengths less than 1.5 cm) because the amount of zero component deter¬ 
mines the maximum efficiency obtainable for these magnetrons. The 
only magnetrons that have been 
successfully operated Avell above 
the dip have had only a small 
amount of zero component present 
(although enough to produce a 
pronounced dip). The zero com¬ 
ponent seemed to have veiy little 
effect on the high-field operation of 
these magnetrons, the electronic 
efficiency being fully as high as 
would be expected by comparison 
with strapped tubes. 

This effect of the zero com¬ 
ponent has been explained in only 
the most qualitative manner. 

Orflinarily, the zero component 
interacts with the electrons at ranrlorn, so that there is no net exchange of 
energy betwetm this component and the electrons. The electrons in a 
magnetron move in quasi-cycloidal orbits; at \B ~ 12,000 gauss cm, the 
transit time for eaeli cycloidal arch is equal to the period of field oscillation, 
and it appears that under these conditions the effect of the zero component 
is cumulative rather than random. The loss of efficiency could be ac¬ 
counted for by either the transfer of energy from the zero component to the 
electrons or perhaps by the less efficient coupling with the Tr-component 
because of the distortion of the orbits. 

There is another way in Avhich the zero mode can interfere with the 
electron coupling. It was shown in the previous section, that proceeding 
from anode to cathode, the N/2- or 7r-component of falls off much 
more rapidly than the zero component. Thus it is possible for the zero 
component to exceed the A^/2-component near the cathode even though 

^ Eloctronir, eflicicnpy is thf’ power delivered into the electromagnetic field divided 
by the d-c power ilelhaTed to the magnetron. It differs from the over-all efficiency 
in that it neglects losses due to the r-f currents in the magnetron resonant system. 



Fig. .l-O.—Approxinuite observed variii- 
tioii of electronic efficiency t/, with \B. 

-a pure 7r-iiif)rle field (7i(ra) = 0); 

...aTT-inode field contaminated with tlie 

zero eoiiiponent (RU',,) ^ .1). 
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the iV/2-component is much larger at the anode. This means that at any 
instant the field near the cathode is unidirectional. Such a phenomenon 
can interfere seriously with proper bunching of the electrons, and a loss 
of efficiency or a failure to operate in the 7r-mode may result. This 
effect may be most pronounced at high fields, because then the electrons 
are initially confined to regions near the cathode. 

It should be mentioned that in spite of these difficulties, the amount of 
zero component is not a very critical parameter for operation below the 
efficiency dip, because the maximum efficiency obtainable falls off rather 
slowly as the zero to 7r-component ratio R increases. No studies have 
been made of the effect of large amounts of the zero component for 
operation above the efficiency dip. 

Mode Competition .—The 7r-mode operation of rising-sun magnetrons 
is subject to interference from certain of the other modes. The experi¬ 
mental results indicate that the interfering mode is always either a 

/N \ 

member of the long-wavelength group or the I ^ — 1 1-mode^ and, 

further, that it is possil)le to correlate the observed mode competition 
with the distribution of modes. The results of this correlation can be 
summarized as follows. 


Interference from the 


'(ro-' 


mode 


occurs when wavelength 


separation between the 7r-mode and the “ ij-mode is too small. 

Just what constitutes “too smalT^ (jannot be stated precisely because 
many factors besides the wavelength separation enter into mode competi¬ 
tion. It has always l)een possible, however, to eliminate interference 


from the — 1^-mode by a proper increase in 
general rule X,r/X^^ 


(f-0- 

= 1.05 may be considered a safe value. 


As a 


Interference from members of the long-wavelength group occurs when 
the ratio of their wavelengths to X, becomes too large; the maximum 
allowable ratio decreases as N increases. Again it is not possible to give 


3recise values, but the requirement 


that 


\.N /(N \, 


of one rule that has proved useful. A more complete discussion and a 
physical interpretation of these results appear in Chap. 11. 

It is apparent, then, that there are three major factors which govern the 
TT-mode operation of a rising-sun system. These are {1) R the ratio of the 


^Interference is also observed from nonmagnetron" modes, such as end-space 


resonances. 
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zero to the iV/2-component in the ir-mode field, (2) the ratio X, N 

u 

(3) the ratio of the upper-multiplet wavelengths to the 7 r-mode wave¬ 
length. The system should be designed with R as small as possible, 


with sufficiently large, 

and with the ratio of the upper 
multiplet wavelengths to the tt- 
mode wavelength not too large. 
The next section will discuss the 
effect of the various parameters 
of the resonant system on these 
three factors. 

34. The Effects of Various 
Parameters on the Mode Spec¬ 
trum and the Interaction Field of a 
Rising-sun Magnetron.—A1 rn ost 

all of the experimental and de¬ 
velopmental work on the rising-sun 
system has been done with the 
vane-type anode block illustrated 
in Fig. 3’la. In these anode 
blocks, the side resonators consist 
of annular sectors Avhosc sides are 
f orm e d I )y ra d i al r e c t a n g u 1 a r 
vanes. The sid, of design param¬ 
eters that has become associated 
^vith this design is (1) the ratio of 
the large-resonator depth to the 
small-resonator depth (r/ 2 /di = ri), 
(2) the ratio of the anode diam¬ 
eter to the TT-mode wavelength 
(da/X^), (3) the ratio of cathode 
diameter to anode diameter 
{dc/da = tr), (4) the number of 
resonators (A^), (5) the ratio of 
vane thickness to gap width 

[5 - - (if. - ■)]■ 



1.00 1.25 1.50 1.75 2.00 

^ (a) 


d 

F’ig. 3'10.^ —Tho effect of the ratio of 
resonator depths on the inode spectrum and 
the intciiiction field of a risiiiK-suii iinig- 
netroii. The dimensions are identical with 
those given in Table 2-1. (a) Mode spec¬ 

trum as a function ih/d. Both di and di are 
varied to maintain Xtt constant, d is the 
resonator depth for di = da. (li) Values of 
l/i'i required to maintain X^ constant, 
plotted as a function of d^/d. (c) 7J(ra) the 

ratio of the zero component to the A'^/2-coiii- 
poiient of at p = Tq, plotted as a function 
of d^/d. {For parts (?i) and (c) see page 102.) 


Although some of these parameters apply to other types of anode blocks, 
the following discussion will refer exclusively to vane-type designs. The 
effects of these or corresponding parameters with respect to other type 
anodes can be deduced from a discussion to follow on the effect of varia¬ 
tion of the side-resonator shape. 
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The Ratio of Resonator Depths. —Figures 3-3 and 3-6 were used tn 
illustrate the effect of ri on the mode spectrum and on the intemction field 
of the TT-modej but the process is actually more complicated. Although 
all dimensions of the anode block other than resonator dimensions were 
held fixed, the 7r-mode wavelength changed, so that relative to these 
dimensions were not fixed (e.g., do/X^ changed). In order to examine 
the effect of ri alone, it is therefore necessary to change the large- and 
small-resonator depths simultaneously, in such a manner that the 7r-mode 
wavelength is maintained constant, while all other anode block dimensions 
are kept fixed. (This is the sort of change in ri that would probably 





Fig. 310.—For de.scriptive legend see ptige 101. 

be made in practice.) The effect of such a change in ri is shown in 
Fig. 3-10a where the mode spectrum is plotted as a function of d 2 /dj 
d being the resonator depth when di = r/ 2 - Figure 3 l0f; shows the 
value of 1/ri required to keep X,r constant as a function of d 2 /d- The 
other dimensions of the anode block, all of which are held fixed, are given 
in Table 21. The effect of ri upon the interaction field of the 7r-mode 
is shown in Fig. 3T0c, where R (r„), the ratio of zero to A/2-component 
of at /j = Ta, is plotted as a function of do/d. 

It is evident from Fig. 3T0a that a certain minimum value of Vi 
must be passed before the tt- and 8-mode begin to separate and further 
that the amount of separation Avhich can be obtained between these two 
modes is not unlimited. The bend in the curves of the short-wavelength 
modes which occurs as ri becomes large is due to the fact that these modes 
have ceased to be associated with the small resonators and have come to 
correspond to the second group of resonances associated with the large 
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1 1.5 2.0 2.5 

^ (a) 

d 

Fig. 311.—The effect of the ratio of resonator depths on the mode speetrum and the 
interaction field of a rising-sun magnetron. Dimensions are the same as those for Fig. 3-10 
except that da/\Tr has been reduced from 0.325 to 0.217. (a) Mode spectrum as a function 

d‘i/d. Both d\ and dz are varied to maintain Xtt constant, d is the resonator depth for 
di = dz. Cy Values of l/n required to maintain X,r constant, plotted as a function ol 
di/d. (c) R{ra), the ratio of the zero component to the A^/2-componBnt of E,fi at p = ra, 
plotted as a function of dz/d. {For parts (?») and (c) see page 104.) 
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resonators. The fact that the S-mode does not reverse is fortuitous; it is 
due to the particular values chosen for the other anode block dimensions. 
An increase in ri not only increases the separation between the 7r-mode 


and the 


a-') 


mode but also increases the separation between the 


TT-mode and the long-wavelength group and increases the quantity R (Va)- 
The latter two effects are undesirable, so it is best to have ri just large 


enough to give sufficient separation of the 7r-mode and the 
mode. Just what value of ri should be used depends up()n the values 





^ 1.0 1.5 2.0 2.5 3.0 

^ d, 

IM 

(c) 

Fiq. 3-11.—For de.si!riptivB iBKBiid see pmkp 1U3. 

of the other parameters, namely, da/^ir, tr, N, and Vi. The specific 
numerical values for some designs that have been found satisfactory are 
listed in Chap. 11. 

The Ratio of Anode-block Dia?neter to Tr-rnode Wavelength .—The effect 
of the parameter ri^/X^r can best be studied by comparing the curves of 
Fig. 3-10a, h, and c with a similar set of curves in Fig. 3-11a, 6, and c 
computed for a different value of da/X-n. The dimensions for this latter 
set are also those given in Table 2T with the exception that rf„/X,r has 
been reduced from 0.325 to 0.217. Comparing the two spectra for the 
same value of ri, while restricting ri to small values, one finds that the 
separation between the tt- and 8-modes is smaller anil that R{r^ is larger 
for the block of larger do/X,r. Figure 3T2a shows a direct comparison of 
Rijr^ plotted as a function of X^/Xg for the two values of do/X,r, and 
Fig. 3T26 shows X 4 /X,r as a function of X^r/Xg for the two cases. The 
effect of a further increase in da/X,^ is similar; that is, for equal values 
of \ir/\/N Ri^t^ increases while does not change significantly. 
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Inasmuch as the effects of increasing are undesirable, it is best 

to have r/a/X^ as small as is consistent with other design considerations. 
On the other hand, satisfactory operation is possible over a wide range 
of values of R(ra)j so that a correspondingly wide range of values is avail¬ 
able for 

The Ratio of Cathode Diameter to Anode Diameter .—The general 
effect of tr on the spectrum is given in Table 3-3 which lists the computed 
wavelengths of the modes of an 18-resonator system with the cathode 




(a) (f>) 

Fig. 3-12. —Thn efTiiL^t of da/\ir nri thn inteijiction field and the mode apertrum of the 
rising-sun systems of Figs. 3-10 and 311. (a) R{ra), the ratio of the zero component to the 

A^/2-eoiiipt)nBnt of at p = /« plotted as a fuiiftion of Xtt/Xb for two values of da/X^. (b) 
The quantity X 4 /XTr is plotteil as a funetion X^/Xb for two values of da/\ir. 


present and with the cathode removed. It is seen that in this particular 
case an increase in ir reduces the 7r-mode Avavelerigth but increases the 
wavelengths of all of the other modes. 

The direction of the wavelength shift is determined by the sign of 


T" 0) - eoA^r,, 0)]d0, (16) 

Jq 

an increase in a decreasing or increasing the wavelength as the integral 
is positive or negative. For the values of ri and a used in practice, an 
increase in a- increases the ivavelengths of all modes in the upper multiplet 
and decreases the 7 r-mode wavelength, while the wavelengths of the lower- 
multiplet modes are raised or lowered as the cathode circumference is 
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leRS or greater than 




Xn. The rule for the lower multiplet is 


approximate and holds only when the contribution of the higher-order 
field components to the integral (16) is negligible as compared with the 
(N \ , 

( 2 “ field components.^ The reversal in the direction of the 
wavelength shift actually occurs at a somewhat larger value of the cathode 
circumference than 


Table 3-3.— The Kfeect of the Presence of the Cathode on itie Spei’trem 
OF A Typical Rising-sun Magnetron 



Xh 

' X' 

1 - 

n 

X;r 

: X^ 

Dim elisions 


(c at li 0 cl pr (\s (;n t) 

(cathode rcmnvcil) 

1 

1 

1 

1.944 

1.603 

i - 0.307 




! X,r 

2 

1 .456 

1 .420 


3 

1 .381 

1.375 

' '!" = 1.780 

r/i 

4 

1 .360 

1.357 


9 

1.000 

1.030 

^- = 0.226 





8 

0.920 

0.853 

0 = 0,068 rMtliiiu 

7 

0.800 

0.786 

y = 0.59 for X„ 
d„ 

6 

0.766 

0.761 


5 

0.754 

0.752 

1 

= 0 for 

flu 


As indicated in Table 3 3, the effect of the cathode becomes increas¬ 
ingly less for the 1 ower-Avavelength modes of both the long- and short- 
wavelength groups. In fact, for most purposes the effect of <t can be 


neglected for all modes except the 1-mode, the 



-mode, and the 


TT-mode. Although the separation between the 7r-mode and the long- 
wavelength modes increases somewhat when o- increases, the most signifi¬ 
cant effect upon the spectrum is the loss of separation between the 7r-mode 

and — 1^-mode. 

The zero-component contamination of the 7r-mode, S(ra), decreases 
with increasing ir. For the magnetron in Table 3-3, R{r^ decreases from 
0.161 to 0.106 when the cathode is introduced. There is an even greater 
decrease in R{p) as p approaches because the discrepancy in rate of 


* Thts is always thn (‘.asp except when n or tr is nearly equal to 1. 
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decrease between the zero and iV/2-components is less effective for a 
larger cathode. When the loss in mode separation is small, this effect 
may compensate for the loss in mode separation as far as mode competi¬ 
tion is concerned. 

Actually the above considerations have very little effect upon the 
choice of tr. The size of the cathode has a very strong effect on the 
relative strength of the various field components near the cathode 
because the higher n-modes and higher y Foiirier-components fall off 
much more rapidly, moving in from the anode, than those of lower n 
or y. The character of fields near the cathode is very important in 
determining the amount of energy lost in the initial bunching process 
and in determining the mode in which the magnetron will start. In 
general, a reduction in cathode size increases the efficiency but also 
may lead to mode-competition difficulties (see Chap. 8). Ordinarily 
the smallest cathode diameter that gives stable 7r-mode operation is used. 
It has been found experimentally that the best value for tr depends 
almost entirely upon N and very little upon other parameters (Chap. 11). 
Evidently the effects of varying o- are largely dependent upon magnetron 
electronics. 

The Number of Rei^onators. —If N is increased with fixed di, f/a, 
f/fl, ra, and tr, the wavelengths of all of the original modes are virtually 
unchanged, but additional modes are added to the lower-wavelength 
end of both groups of resonances. Thus an increase in N in itself has 
no particular effect upon the significant characteristics of the resonant 
system. Difficulties with large N systems arc due mainly to the fact 
that the maximum allowable ratio of the wavelengths of the ui)per 
mvdtiplet modes to Xtt decreases as N increases (see Chap. 11). 

The Ratio of Anode-segment Width to Gap Width, r^. —An increase 
in r 2 , with di, da, da, and (t fixed, increases the wavelengths of all of the 
modes. The comparative rates of increase for the various modes are 
such that the members of the upper-AYavelength group move closer 
together, as do the members of the lower-wavelength group, while 


the TT-mode moves away from the 



-mode and towartl the upper- 


wavelength group. Furthermore, /?(r„) increases. 

A pertinent factor in magnetron design is the modification of the 
spectrum as is changed, with di and da adjusted to keep the 7 r-mode 


and 



-mode fixed. 


In this case, the upper-wavelength group 


descends while R{rf) increases. Thus an increase of might avoid 
difficulty with the long-wavelength modes, but the increase in R{r^ would 
cause some loss in efficiency. No attempt has ever been made to avoid 
long-wavelength mode competition difficulties in this way, because the 
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range over which can be varied is limited by mechanical considerations 
(see Chap. 11). Furthermore, it has always been possible to solve the 
problem of long-wavelength mode competition by closing the ends, as 
explained in Sec. 3-5. 

Variation of Resonator Shape, —While the vane-type resonator is 
most commonly used, other types having different shapes may have 
mechanical or electrical advantages. One example is the hole-and-vane 
combination illustrated in Fig. S ib. Inasmuch as all of the anode-block 
parameters have been discussed for vane-type resonators, it is convenient 
to consider other resonator shapes as modifications of the vano-type 
and to define the ‘Vane equivalent’^ of a resonator and an '‘equivalent 
ratio” of resonator depth. The vane equivalent of a resonator is defined 
as an annular sector resonator composed of vanes whose thic^kness is 
equal to the width of the anode segments and whose depth is such that 
its admittance at the 7r-mode wavelength is equal to that of the resonator 
in question. The admittance of a resonator and that of its vane equiva¬ 
lent will, in general, be different for wavelengths other than the 7r-mode 
wavelength. The equivalent ratio r^ is defined simply as the ratio of 
the depths of the vane equivalents corresponding to the large and small 
resonators; it thus replaces the parameter ry defined for vane-type 
resonators. Two rising-sun systems that are identical except for reso¬ 
nator shape and have the same 7r-mode wavelength and the same value 
for Teq will have identical 7r-mode interaction fields; that is, R is the same 
for both. 

Inasmuch as the admittances of corresponding l esonators are the same 
at the TT-mode wavelengths, they will be nearly the same for wavelengths 
near that of the 7r-modc. Thus the modes vith v avedengths near that 
of the TT-mode will have nearly the same Avavelength in the two anode 


blocks, and ordinarily the 


and 



-mode separations will l)e 


nearly the same. On the other hand, at wavelengths far from that of 
the TT-mode, the admittance of corresponding resonators may be quite 
different, and the position of the long-wavelength group and the lower- 
wavelength members of the short-wavelength group may be considerably 
different for the two structures. 

Aside from mechanical advantages, there are often electrical advan¬ 
tages to be gained by a wise choice of resonator shape. Two advantages 
relate to the circuit properties of anode blocks, the unloaded Q and the 
equivalent capacity, discussed in Sec. 3-6. A third advantage lies in 
the possibility of depressing the w^avelengths of the long-wavelength 
group. As an example of the latter, consider the anode-block section 
in Fig. 313 which has the dimensions given in Table 2T except for the 
resonators and which has an r^ equal to 2.71. Table 3-4 lists the result- 
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ant wavelengths of the spectrum in comparison with those of an equiva¬ 


lent vane-type anode block which 
has an vi of 2.71. It is evident 
that the long wavelengths have 
been c.onsiderably depressed at a 
small cost in separation between 
the TT- and 8-modes. Although a 
similar spectrum could be achieved 
with vane-type resonators having 
a larger value of the zero con¬ 
tamination of the TT-mode would be 
worse. In general, large mode 
separation is obtained by using 
resonators whose admittances 
change slowly with frequency, and 
small mode separation by using 
resonators whose admittances 
change rapidly with frequency. 
In the particular case given in 
Table 3 4, the spread of the lower- 
wavelength resonances and the 
contrac.tion of the higher-wave¬ 
length resonances is due to the fact 
that the tw o groups of resonators 



Fig. 3-13.—Riaing-f5uri system with modified 
resDiiritor shapos. 


w'^ere designed on this basis. 


Tahi.e 3 4.—The Sccc’trum of tjic System is Fig. 3-13 Oompaked with That of 
Its tJquivAOENT Vane-type System 
are the resonaiiees of the vaiie-type system; of tlie modified system 


7t 

K 

< 

X... 

Xa 

1 

2.1S3 

1.604 

2 

1.697 

1 .279 

3 

1.621 

1.241 

4 

1.602 

1.231 

9 

1.000 

1.000 

8 

0.»2B 

O.SM 

7 

0.616 

0.607 

6 

0.570 

0.544 

5 

0.555 

0.525 


In the development of magnetrons considerable attention was given 
to the possibility of modifying the symmetry of a resonant system in a 
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manner that would leave the 7r-mode practically unchanged but would 
have a marked effect on .some of the other mode.s. The use of strap breaks 
in the strapped system (see Secs. 4-1 and 4-7) is the major example of 
such a modification. A somewhat analogous scheme for the rising-sun 
system would consist of replacing certain of the resonators (large or 
small) by resonators of a dilferent shape but of the same vane equivalent 
as the other corresponding resonators. Inavsmuch as the admittances 
of all of the large resonators (and those of all of the small resonators) 
appear to be alike at the 7r-mode wavelength, neither the resonant wave¬ 
length nor the interaction field of the 7r-mode is affected. On the other 
hand, for the non-7r-modes, and particularly for those with resonant 
wavelengths far from that of the 7r-mode, the various resonators no 
longer appear to be alike. Consequently, for these modes the wave¬ 
lengths will be shifted, the doublets split (i.e., the degenerate inodes .split 
into two nondegenerate mode.s), the loading through the output modified, 
and the interaction field di.storted. One might expect, then, that by a 
proper modification of resonators, interference from unwanted modes 
could be avoided. Neither this scheme^ nor the one described in the 
preceding paragraph has yet been tested on rising-sun magnetrons. 

3‘5. Closed-end Rising-sun Systems. — In the preceding sections it 
has been stated that one serious limitation of the rising-sun system is 
the competition which arises between the 7r-mode and the long-wavelength 
modes in systems of large N and large ri. The difficulty is due to 
excessive separation between the 7r-mode and the long-wavelength 
modes, and so a means of reducing this separ.ation is required. The 
closing of the ends of the resonators has been shown to be effective in 
this rc.spect (see Fig. lT9f^). 

It is a .simple matter to compute the spectrum and interaction fields 
for a rising-sun system with totally closed ends. Similar to the treat¬ 
ment of the unstrapped system (Sec. 2 8), the anode block and cathode 
can be regarded as a section of Avaveguide. Then the resonant Avave- 
lengths computed for the open-ended sy.stem become the cutoff wave¬ 
lengths of the corresponding Tii/-modes of this Avaveguide. The guide 
wavelengths for the various modes can be computed from these cutoff 
wavelengths, and the resonant wavelengths of the first group of modes 
can be found from the condition that = 2/], where h is the anode 
height. Explicitly, the resonant AA^avelengths are given by 



where Xm is the AA^avelength of the nth mode in the open-ended .system. 
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tion between the tt- and 


( 1 - 0 - 


Figure 314 shows the spectrum as a function of d^/d with ri varied to 
keep the 7r-mode wavelength fixed. In this example the values for 
do/Xr, O’, r 2 , and N are the same as those in Table 2T. The behaviors 
of l/ri and i?(ra) as functions of d^/d are the same as those shown in 
Fig. 3-116 and n. 

In Fig. 3T5a and 6 the most significant features of this closed-end 
system are compared with those for an open-end system having the same 
value of da/y<Tr. It can be seen 
that for the same values of X^/Xg, 

R{ra) is somewhat smaller for the 
closed-end system, while the ratios 
of the upper multiplet wavelengths 
to Xt (X^Xt is typical) are con¬ 
siderably smaller for the closed- 
end system. This latter effect is, 
of course, due to the fact that all 
of the closed-end wavelengths must 
be less than 2h. Thus, by making 
2h/\r small enough (note that 
2 /i/Xt is always greater than 1) it 
should always be possible to have 
the upper group near enough to the 
TT-mode to permit 7r-mode opera¬ 
tion. There are, however, objec¬ 
tions to making systems for which 
2/i/X,r is very close to 1 because as 
2/?/X,r approaches 1, the separa- 
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Fig. 3-14.—TIie^ .spectrum of a closed-end 
rising-sun magnetron as a fuiintioii of di/d, 
with ri varied .so that Xtt is kept constant, 
ft is the re.sonatDr depth for di = di. Dimeii- 
.sioiis: r//X^ = U.249; X/X^ = 0.680; the rest 
from Table 2-1. 


mode falls off to zero.^ Further¬ 
more, for values of 2/t/X^ near 1 it 
is necessary that X^^/X^ be very 
large, which means that the physi¬ 
cal dimensions of the system must 
be large. 

The electromagnetic fields for the closed-end system are similar to 
those of the open-end system except for the axial variation. That is, 
E and Hz are unchanged as functions of p and 0, but both are multiplied 
by sin irz/h (s = 0 and z = h correspond to the two ends of the system). 
Hp and are no longer zero but are given by 

^ There is an optimum height that gives the maximum separation between the 
TT- and — 1^-mod es for specific values of da/Xir, N, /'a, and /il(r„). 
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dHz(p,<l>) irZ 

Mi'p d4> h’ 

Kt atfr(p,0) ^ 

4ir/l dp h 


[Sbu. 3-<'j 


(18o) 

(18b) 


The computed frequencies for a closed-end magnetron usually agree 
within 1 per cent with the observed frequencies. Of course, no operating 
magnetron has its ends totally closed because the cathode must be 
insulated from the anode. Thus in practice ^‘totally closed” means 
that the resonators are totally covered but that the interaction space 
remains uncovered. Under these conditions, the wavelengths are 
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(ti) (^) 

Fid. 3-15.— (a) A comparitjDii of the eeparaiion between the upper-wavelcngtyi groups 
and theTT-mode for eloaed-end and open-end rising-sun system. Wavelength X 4 is typical 
of the behavior of the upper-wavelength group. (b) A eoinpariHon of the zero-component 
CDiitaminatiDn of the 7 r-mode intcrartion field for closed-end and open-end rising-sun 
systems. 


always higher than they would be if the ends were entirely closed. 
For the 7r-mode the increase is about 1 per cent. When da/'^ir is small, 
the effect on all modes except the 1-mode is from 1 to 2 per cent. The 
1-mode may be increased 20 per cent or more, but ordinarily this is of 
no particular signiiicance for magnetron operation. When c/o/X^ is 


large, the (f-') -mode is also rather strongly affected (increases 
as great as 5 per cent have been observed), and consequently the separa¬ 


tion between the tt- and the 



-mode may become considerably 


less than the computed value. 

In many cases, it is unnecessary to lower the long-wavelength group 
as much as results from fully closing the ends; the long-wavelength modes 
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can be lowered to a lesser extent by closing only the outer portion of the 
resonators. Such systems are called partially closed-end systems. 

Semiempirical methods for computing resonances, based on computed 
frequencies, have been worked out for nearly closed blocks (see Chap. 
11). Detailed information on the Avavelcngth of non-7r-modes is not 
available. For systems that are less than half closed, an estimate of 
the wavelength can be made to within 5 or 10 per cent by treating 
the resonators as compound resonators. That is, the admittance of the 
closed portion is computed and then considered as the terminating 
admittance for the open portion (see Sec. 2 5). When the block is 
nearly open, this method should be more accurate than indicated 

above. _ 

3'6. The Unloaded Q and \/ C/L. —In addition to the resonant fre¬ 
quency, there are two other circuit parameters that are of importance in 
magnetron design; these are the unloaded Q(Qr/) and the characteristic 
admittance y/CjL. 

Heretofore it has been assumed that the magnetron resonant system 
is lossless. Actually, however, some power is delivered to a load, and 
some energy is converted into heat by currents flowing in the metal 
walls. The unloaded Q is essentially a measure of the power dissipated 
in the metal and is defined by 

Q _ 2 total stored energy 

^ energy per cycle dissipated in metal 

Tn a similar way one can define an external Q Avhich takes into account 
only the energy delivered to the output and the total or loaded Q which 
takes into account both kinds of energy loss. These last two quantities 
Avill be discussed in connection with the output circuit in Chap. 5. The 

total stored energy is given by Mn/2 \H\^ rfu, where \H\ is the amplitude 
of the magnetic field. The average rate of power dissipation is given by 
1/2 k6 Is l«l’ ds [Avliere 5 = (tt/^uk) is the skin depth, / is the frequency, 

a is the permeability of the walls, and k is the conductivity of the walls]. 
There then follows the well-knoAvn formula 


Qu = 2 




(19) 


Inasmuch as H is known throughout the magnetron cavity, Qu can 
be calculated directly. In performing the calculation it is helpful to 
consider the resonators and interaction space separately and to compute 
equivalent inductances and resistances for the various elements. Con¬ 
sider the circuit in Fig. 3-16 with an alternating voltage of frequency 
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f = u/2Tr and amplitude V across the terminals. The maximum energy 
stored in the magnetic field is or ^L(F^/cj^L^), where il is the maxi¬ 
mum current through the inductance. Thus, one can write 

7 = 

2^k: 


where E^n is the maximum energy stored in the magnetic field. Also, the 

power P dissipated in the resistance 
is iV^jlt, so that one can write 
R = V^/2P. These relations for L 
and R can be used to define an equiva¬ 
lent inductance and an equivalent 
resistance for the elements of the 
resonant system. 

The equivalent inductance of a 
resonator is defined simply as 
L = F^/2cu^£'m, where V is the am¬ 
plitude of the voltage across the 
resonator opening. The energy stored in the magnetic field can be 

computed from E^n — Mi)/2 \H\^ dv. Using this formula, the induct¬ 

ance for various resonator shapes can be computed.^ For the rectangular 
slot (Fig. 2-9) 



li i;. 3-1 6.— Parull el-r esun an t i;ir laiit 

fur the PDinpuiiitiDii of etiuivalniit induct¬ 
ances and rewistaiicBs. 


^ 2ld sin 2 kl 

L = — > - . Mil 

+£y") 

For the annular sector (Fig. 2-11) 


(notation as in Sec. 2-5), (20) 


L 


2^MnI 4 

IF \ir^khiy\{j^N^i}^ 

_ \jMa)Ni{kh) - N,(ka)J,(kb) 
L/i(A-a)i^i(F) - N,{ka)Jv(ki)) 


The previous formulas are for open-end resonators. For closed-end 
resonators the voltage A^aries axially so that it is necessary to specify 
the position at which the voltage is measured. Taking V as the maxi¬ 
mum voltage amplitude, that is, the voltage amplitude at a median 
plane, yields for the rectangular slot 

^ The inductance defined as above means no more than is stated in the definition. 
Because of the distribution of parameters in the usual resonators, the equivalent 
inductance varies with frequency- However, for resonators such as the hole-and-slot, 
in which the inductance and capacitance are more or less lumped, the variation of the 
inductance with frequency is small. 
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where 


^ _ Ud sin 2 kcl _ 

27r 

kc = v = open-end wavelength, 

Ztt 

k = X = elosed-end ^\ avelength, 

\ 


( 22 ) 


and for the annular sector, 

^ I 4 

/i/r’" \TV:WVh{h%aW\ik,!li) - JV,(/l'.a)./,(/l-,70] 

_ r./„(A-.a)7^(W) - .V„(4-^)./i(A'.6)l^ 
[./,(A',.ci):V,(A\.fc) - .V,(Avtt)Jr(Avl)) 

, 27 r'^ \j,{k,a)N,ik.h) - N„ik,a).Iyik\h) 

/|2/r“A-,.f* L./i(Ava).V,(/f.5) - W,(k,a)JiikJ)) 



(2S) 


I’lie equivalent resistance for the resonators is defined in an analogous 
mannen- as = F-/2P. The rate of poAver dissipation can be readily 
computed by use of the skin-depth theorem. The average power 

dissipated is given by D — 1/26k /J"i - fls. Thus, the resistance is 


given by 



(24) 


from which R can be compnteil for the various resonator shapes. For 
the rectangular slot, 


^ J -r 

eo \ tt/ 

R = 2 ^^J ^ 

eu \^Ji 


d'^ sin- kl 


r/M 


hd + hi 


(>') 


for open ends, and (25) 

f/“ siii’*^ kd 


I 


hl\ 1 -h - 


IT-{2d — h) sin 


}iV- 


+ 


sin 2k,l / _ Tv-{h + 2r/)\ / k\~ 

2kr\ )\ \k) 


hd 


for closed ends. (26) 


The inductance and resistance of the interaction space will be defined 
for the TT-mode only. For the non-7r-modes very little magnetic energy 
is stored in the interaction space and only a small fraction of the losses 
occur on the cathode or anode surfaces. Furthermore, accurate informa¬ 
tion concerning either the Q or the \/C/L of the non-ir-modes is usually 
not desired, so the interaction space can be ignored in computing these 
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quantities. In the case of the ir-mode, only the zero component of the 
field makes a significant contribution to the magnetic energy. The 
inductance is defined as before by L = V^/2u'^Em. In this case the 
v'oltage V is taken as the line integral of around the anode circum¬ 
ference or 27rEo(r^) where £o(r„) is the zero component of E^(ra,it>). 
Then 

)Niikr,) — JVo(A-r„) J i(A-rc) T 

4 

ir'A-VJ./ ,W„)Ari(ATj - .V ,(TrJ./, (/cr„)]2 J 


L 


= (r^o(AT"! 

|[./i(A-ra' 


+ 1 


(27) 


for open-end systems, and 

j ^ STT/in If ./o(A-r/-a)A'^i(A-,r,) — 7Vo(Avr„)./i(A\r,)]^ 

2w^ \j„(k,ra)Nx(k,:rr) - N,ik,ra)Jiik,rd] 

iJrik^dNiik^^ - yV,(/'„r,:)/,(/f.r,) J 

__-...4...._______ j- 

^^klrJ[Jiik,ra)Ni(kcrc) - A^i(A-.r„)i/i(A-.r.)]J 


(2S) 


for closed-end systems. While the interaction space remains open even 
for closed-end systems, the fact that the wavelength is hardly affected 
indicates that the field distribution is similar to that which woiihl be 
present if the ends were closed. 


It = 


En 



27rra 

h 


[J i(kra)Ni(h\) — iVi(A-r„)Ji(A-rc)]- 






( 20 ) 


for open-end systems. The quantities k' and /x' aie the conductivity 
and permeability of the cathode surface. 

It is a simple matter to compute Qu in terms of the equivalent induct¬ 
ance and resistance previously defined. The total stored cmergy is given 
hy 


E = 


1 (N VI nYI fA 
2io2\2 L._ 2 lJ’ 


(30) 


where the subscripts zq, rn, and c refer to the two resonator types and the 
interaction space respectively. The energy dissipated per cycle is given 


1 (N Vl^ , AT n , V^\ 
2f\2 1\ 2 Rr, ^ flV’ 


(31) 


yielding 
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Avhere (1. — ii?)/(l + R) is the ratio VrJVr^. 

Computed values of Qv arc usually considerably higher than meas¬ 
ured values, probably because the conditions at the metal are not as 
assumed. That is, Avith the very small skin depths associated with 
microwave frequencies, small surface irregularities and surface contami¬ 
nation have a large effect on the losses. The formula remains very 
useful, however, as a means of comparing the unloaded Q^s of different 
anode-block designs and in particular as a means of comparing different 
resonator shapes. 

The characteristic admittance of the resonant system relates 

the power output of the magnetron to the r-f voltage between anode 
segments. Its importance will become apparent in Chap. 7. Referring 
to Fig. 3T6 2co(stored energy)/F^ at the resonant frequency of the circuit 
is given by \/G/L. By analogy one defines y/C/L for the magnetron 
cavity as 2w(stored energy)/y2. As is always the case in defining 
admittances and allied quantities for resonant cavities, it is necessary 
to specify the path over which the voltage is to be measured. For 
the TT-mode of the rising-sun system this voltage is taken to be the average 
of the voltage amplitudes at the large and small resonator openings; that 
is, + lF^^'^|)/2. At resonance the total stored emergy is equal to 

the maximum energy stored in the magnetic fields so that ^CjL can 
be found in terms of the previously defined inductance. The stored 
energy E is given by 



In the design of a resonant system it is ordinarily desirable to have 
both Qu and y/C/L large and the shapes of the resonators are the main 
factors in determining these quantities. Ordinarily resonator shapes 
leading to large Qu lead to small values of y/C/L and conversely, so 
that there is some conflict between these parameters. Resonators Avith a 
large volume-to-surface ratio usually (but not always) lead to higher 
values of Qu. Narrow or '' high capacitance ” resonators usually favor high 
y/C/L. It should be observed that y/C/L is directly proportional to 
the block height h Avhile Qu is independent of the height, so there is at 
least one means of increasing y/CjL without sacrificing Qu. 





CHAPTER 4 


THE STRAPPED SYSTEM 

By L. R. Walker 

4'1, Introduction. —The first multisegment 10-cm magnetrons de¬ 
veloped by the British were of the “symmetric unstrapped“ type, 
described in Chap. 2. These early tubes operated at efficiencies of 
from 30 to 35 per cent, but their output power was severely limited by a 
change in the mode of oscillation as the current was increased. Assuming 
correctly that the 7r-modc would be the most efficient mode, Randall 
and Sayers at Birmingham used in 1941 what they referred to as 
“mode-locking straps.” These were a series of wire bridges which were 
attached to the high-voltage ends of the resonators in such a manner that 
they connected pairs of alternate segments and passed directly over the 
intervening segments. Because the paired segments would be at the 
same potential in the 7r-mode but in no other mode, it was thought that 
the TT-mode would be but little disturbed, whereas other modes would be 
damped because of heavy currents flowing in the straps. The device 
was unexpectedly successful. The mode change was deferred to currents 
about three or four times as gieat as those ol)served before strapping, and 
the operating efficiency was increased to about 50 per cent. The presence 
of the latter effect indicated that strapping, while undoubtedly beneficial, 
hardly operated in the manner that had been anticipated. 

An understanding of the function of strapping waited upon extensive 
measurements of mode spectra and r-f field patterns and upon a better 
insight into the relation between the electronic generator and the reso¬ 
nator system. As a result of these studies and of experience with 
operating tubes that exploited the practical merits of strapping, the 
strapped-resonator system underwent considerable evolution with 
increasing emphasis upon the strap itself as a circuit element. Figure 
4-1 shows several stages in this process. 

In this chapter the term “strap” refers to a circular (or, rarely, 
polygonal) conductor connected to alternate segments of the magnetron. 
Considerations of circuit requirements and of the method of fabrication 
determine the exact form. • Frequently, the strap is made in the form 
of a flat strip bent into a circle with a series of feet for connection; it 
may, however, be a wire or a flat annulus. The strap may be con¬ 
tinuous all around or “broken” at one point above a segment to which 

ns 
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it is not brazed. Generally, the strap is ‘'recessed'^ or '^shielded'' by 
being set into an annular groove whinh is cut into the segments and is 
concentric with the interaction space. There may be one ring at each 
end of the tube (single ring) or two concentric rings at each end (double 
ring). In the double-ring design, the corresponding inner or outer 
straps at the two ends of the tube are staggered azimiithally by one seg¬ 
ment, so that an individual segment is connected to only one of them. 
In the same manner, inner and outer rings at each end are staggererl. 



Fiii. 4-1.—Four stages in the development of strapped magnetrons. 


These relationships are indicated in the schematic draAving of Fig. 4-2. 
The expression strap section'' is used to refer to the part of the strap 
system between the midplanes of neighboring segments. The terms 
weight of strapping,” ”heavy,” and “light” strapping are in use to 
indicate roughly the dominance of the strapping in the resonant system. 
Thus, Fig. 4T shows a steady progress in time toward heavier strapping. 

The two functions of the straps in a strapped-resonator system are 
(1) to establish a wide separation in Avavelength betAveen the 7r-mode and 
all other modes and (2) to affect the characteristic admittance of the 
resonant system. One of the most noticeable features of strapping, 
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marked at its first introduction, is that it increases the mode separation 
of the system by considerably increasing the wavelength of the 7r-mode 
while affecting the other modes to a lesser degree. Roughly, this effect 
may be thought of as arising in the following manner. In the 7r-mode, 
the midplane of each segment is a voltage loop, and current flows into 
the straps that are in parallel with the capacitance of the unstrapped 
resonator. The strap capacitance thus adds to the unstrapped-resonator 
capacitance, increasing the wavelength of the system. For the other 
modes, the individual strap capacitances are not all in phase with one 
another and do not contribute so much to the tube capacitance. 



It is not yet completely clear to what extent the mode stability and 
high efficiency depend upon a large separation between the 7r-inode and 
its nearest mode. It is reasonable to suppose, however, that for good 
TT-mode operation, undistorted r-f field patterns in the interaction space 
are necessary. If the fractional mode separation is approximately 
equal to the reciprocal of the loaded Q of the desired mode, there will 
be perceptible excitation of the next mode with consequent pattern 
distortion. This implies that a minimum mode separation of a few per 
cent is essential. The early unstrapped tubes {N = 8) had an (n = 4)- 
to-(n = 3) separation of about 1 per cent, and both fields Avere severely 
distorted under operating circumstances. The light strapping initially 
used increased the separation to about 7 per cent with a considerable 
gain in efficiency. The weight of strapping plainly provides a means for 
varying the 7r-mode separation over a considerable range. When the 
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tube is tunable, there appears the further complication of maintaining 
the desired features of the mode spectrum over the whole tuning range. 

Reference to Chap. 7 will indicate the great importance of the charac¬ 
teristic admittance for the operating behavior of the tube; Yc is 
defined as i[cj(dF/3£j)]r=n, Y being the total admittance of the 
resonant system measured at a slot. Because the product of pulling 
figure and external Q (see Chap. 5) is constant at any wavelength, the 
practical limitations on the pulling figure mean that the loading cannot 
exceed a definite value. A relation exists, however, between the elec¬ 
tronic conductance and the loaded Ql and Y^ given by 

QlO, = F,. 

The electronic efficiency is a function of apparently increasing 
monotonic-ally with Ge up to a rather flat maximum (see Chap. 10). 
Thus, wuth limited loading, or Qi greater than some fixed value, the value 
of Gp can be brought up to the level required for high efficiency only by 
making Fp large enough. Because F^ is roughly equal to qjdC, where C 
is the capacitance of the resonant system, F^ increases as strap capaci¬ 
tance is added (for the 7r-mode). The Aveight of strapping provides a 
flexible means, therefore, of adjusting the characteristic admittance to a 
preassigned A^aluc. 

The following sections will discuss the mode spectra of strapped 
systems and their dependence upon various parameters, the effect of 
loading on the spectrum and on the r-f pattern, the asymmetries and 
mode shifts introduced by breaking the straps and the effect of tuning 
the system upon seA^eral of these properties. 

4-2. Analysis of Strapped Systems. —As shoAvn in Chaps. 2 and 3, the 
relative simplicity of the geometrical structure of unstrapped magnetrons 
permits considerable progress in their analysis by field theory. The 
addition of a strapped system, however, makes an exact calculation of 
the fields prohibitively difficult. Fortunately, in all practical cases, 
satisfactory working solutions can be obtained using equivalent circuits. 
Tn Chap. 2, where suitably equivalent circuits Avere used for the 
unstrapped system, it was showm that this artifice is possible when 
the higher modes of an indiAudual resonator are short in wavelength 
compared with any wavelength of interest. The strap sections may be 
similarly replaced by simple equivalent circuits, essentially because their 
dimensions are short compared Avith a Avavelength over the range of 
interest. The length of a strap is always its greatest dimension, and the 
condition that it be short compared with the wavelength X is that 
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where r„ is an effective radius of the strap system.' The condition has 
been easily satisfied in all magnetrons built to date, and the strap system, 
having no resonances itself, except at frequencies far higher than that of 
the system as a whole, may then be represented by any convenient circuit 
having the appropriate low-frequency behavior. 

It is important to state clearly the purposes and the limitations of 
the equivalent-circuit approach (see also Sec. 71). This method sets 
up a model of the resonant system that simulates its behavior over an 
appropriate frequency band and that correlates the information about the 

system, permitting predictions to be 
made about the effects of various 
parameters. It is not, however, a 
method for calculating the system con¬ 
stants ah initio. Thus, the procedure 
always consists in using some experi¬ 
mentally measured quantities either to 
deduce others that might be measured 
or to calculate the effect of changes in 
the system. The equivalent-circuit 
model is changed from one case to 
another and is kept as simple as is con¬ 
sistent with the inclusion of all the 
factors considered relevant to a specific 
case. 

The equivalent circuits for the basic elements of the strapped system 
may be considered heie. The small mode separation of unstrapped 
systems suggests that the coupling between oscillators is not strung. 
In the analysis of strapped systems, then, the coupling through th(^ 
interaction space and through the end spaces will be ignored. This is 
justifiable for the modes of highest n, because it has been observed that 
the height of the end spaces and the presence or absence of a cathode make 
little difference to the wavelength of these modes in strapped tubes. 
An unloaded strapped system may then be considered as consisting of a 
ring of AT similar resonators that are coupled at their ends by the strapped 
system. The unstrapped resonator will be represented by a 4-terminal 
network with terminals A, 5, and A\ B' located as shown in Fig. 4-3. 
Furthermore, this 4-terminal network may be supposed to consist of 
a length h of waveguide having a cutoff wavelength and charac¬ 
teristic impedance iCro/Vl “ The cross section of this guide is 

^ This inequality (slightly changed by the substitution of the anode radius Va for r^) 
occurs also in the theory of the space charge in Chap. 6, where it is given as a condition 
for the neglect of the effect of r-f magnetic fields on the electrons and of relativistic 
effects. 


/ 

/ 

/ 

/ 



Fiii. 4-3.-- Location of tlie tcrmiiials 
of the network used to represent the 
unstrapped resonator. 
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ACDBEFG. The length h can be identified with the length of the anode; 
and to a good degree of approximation, Kb can be identified with the 
TT-mode wavelength of the unstrapped system. The term Krv is related 
to the characteristic admittance of the unstrapped system in the 7r-mode 
and may be calculated. A strap section may be similarly represented by 
a 4-terminal network, consisting of a length 5 of parallel-plate guide of 
impedance K^. The length 5 is generally found to correspond to a strap 
radius somewhere within the strap system. No attempt is made to 
distinguish between the inner and outer straps in double-strapped 
tubes. 

There is a measure of arbitrariness in the manner in which the con¬ 
nection of the strap and the resonant systems may be represented. For 




Fig. 4-4.— (a) A 4-tnrininal network representatinn for a .single seetion of a double- 
.stiapped tube; a 4-tDrHiiiial network repre.stMitatioii of tMo neighboring scetions of a 
.‘single-strapiied tube. 

double-ring strapping each section of the whole system has a left- and 
right-hand symmetry (horizontal); thus it seems reasonable to place 
half the length of each strap on either side of the unstrapped resonator 
as shown in the circuit of Fig. 4'4fx. When there is only a single strap 
at each end, the circuit of Fig. 4■4^^ is suggested. If additional forms of 
coupling have to be considered, they could be included by additional 
4-terminal linkages at the ends of the unstrapped resonator (end-space 
coupling) or at the midplane of the unstrapped resonator (interaction- 
space coupling). In every case the circuit for the whole tube is found 
by joining these networks. In general, there will be 2P 4-terminal 
coupling links with P networks on each side. Although the applications 
given in this chapter will involve only cases where P = 1 or 2, the general 
theory will be worked out for arbitrary P. 

4'3. Rings of Networks.—Before developing the somewhat abstract 
analysis of the general case, a few facts may be recalled about the special 
case of chains of identical 4-terminal networks, which might, for example, 
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be filter sections. Supposing the networks to be symmetrical and lossless, 
the relations between the voltages Vi and V 2 and the corresponding 
mesh currents h and h at the two ends of any given network are 

11 = jTnFi + jYnV2, 
h = -jYi^Vi - jYnVi, 

or 



By writing - Yn/Yu = eos 0 and - l/Fn = sin 0, where 0 is purely 
real or purely imaginary, one has in matrix notation 

(Vn] _ ( cos 0 iZosin 0 I (VA ^ (vA 

i ^2 J ui U sin 0 cos 0] ( /i j i J 

The impedance Zq is the iterative impedance of the section because il 
Vi = Zo/i, then Fa = Z 0 / 2 . The angle 0 is known as the transfe^r angle; 
for if f/= jZJi tan 0, then F 2 = jZJ 2 tan (0+0). With respect 
to appropriate terminations, therefore, the network acts as a section of 
transmission line of characteristic impedance Zo and electrical length 0. 
The quantities Zo and 0 are, of course, functions of the frequency. 

If one now takes N identical sections in a chain and forms a ring by 
joining the corresponding terminals, there must be similar voltages and 
currents at the two ends of the ring. Thus, 



where Fjv+i and In+i are the voltage and current at the end of the Nth 
section. But this implies that 

Det (M^ - I) = 0, 

where I is the unit matrix. However, because 

_ [ cosiV0 jZd sin W 0 I 
[jYo sin iV0 cos N(t>) ^ 
r(cos W0) — 1 jZo sin W 0 I _ Q 
^ [ jFosinlV0 (cos W0) — ij 

or 

1 — cos N<t> = 0 


and 


^^0 = 2s7r, 
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where s = 0, 1 ■ ■ • N/2 (assuming N is even) and 

_ 2st 
0 - 

Thus, a ring of N 4-terminal networks will support a harmonic oscillation 
only for those frequencies which make 0 equal to one of the values 
2sTr/N. These are the frequencies of the normal modes of the system. 
The modes will be widely spaced if 0 changes rapidly with frequency. 
As an example, suppose that each section consists of a shunt resonant 
circuit of inductance L and capacitance C with a mutual coupling M 

L-2M 


imr] 

M 

Tinr 

M 




Hh- 



c 


c 


c 



(a) 

li'ici. 4-5. — (ri) Snhninatic; circuit of a chain of 4-tnrinifial iintworks; (?^) RLjuivali'iit circuit 

i)f Fig. 4-5a. 

l)etween each neighboring pair of inductances (see Fig. 4'5a and its 
equivalent circuit Fig. 4-5b), The matrix for this circuit is 


1 0 


juiM 


Thus, 


1 


jcjC 

0 1 


1 jcij(L — 2M) 

0 1 


1 0 


jusM 


1 


1 - 


cos 0 — 1 + 


L - 2M 


M 


3^C 

1 

coWC 

1 


1 +^-^-- ML-2M) 

•Tf 1 

3^M 


L -M 

~ M 


1 


2M 


and 


Thence if 0, = 2sir/N^ the resonant frequencies are 


The mode spectra in this and other cases are easily examined by plotting 
cos 0 as a function of w, or X, as in Fig. 4 6; the mode frequencies are then 
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found by locating the intersections of this curve with the lines 
cos 0 = cos 2sTr/N. It will be noted that in this simple example the 
network acts as a bandpass filter cutting off at w = 1 /\/LC and 
w = l/-\/C(L — 2M) and that the resonant frequencies lie within the 
pass band. As M increases, the separation of the modes and the width 
of the pass band both increase. 

In taking up the more general case, in which the number of 4-tenninal 
connections at each side of a unit network is unrestricted, methods similar 



to those of the preceding paragraph will 
be used. Certain restrictions due to 
symmetry will be put on the individual 
networks and, hence, on their impedance 
matrices. The condition that the N 
networks be joined in a ring is then ap¬ 
plied, and this is found to yield a 
determinantal equation for the possible 
frequencies. A few additional theorems 
are proved concerning the matrices of 
certain other structures, consideration of 
which arises in cases where asymmetries 
are introduced into the ring. 

As each coupling is a 4-terminal net¬ 
work, the analysis can be made in terms 


Filj. 4-6.- Cos ^ as a funr tiDii of of the voltages aiid mesli currents at the 

a/Ad for a nhain of snurit-rRsonant • r a ■ i 

circuit's with mutual CDUfiling. Values 01 tcrmintlls OOtTOSp Oil ding to BUch 

of COS 0 > 1 ^rrespond to 0imaginary. link. The reciprocity theorem will hold 
Ao IS 27rc LC. forthese voltagcsand cuiTents. Letthe 

voltages and currents at the pairs of terminals on the left be v = 
(Fi, F 2 , ■ ■ ■ , Fp) and i = (Iij I 2 , • ’ ■ , Ij,) and those on the right be 
u = (f/i, f/a, • ■ ■ , Up) and j = (/i, /a, ■ ■ • , Jp), where v, i, u, and j 
are treated as vectors subject to matrix multiplication. 

Let 


i = YiV + Y2U, (Itt) 

j = Y 3 V + Y 4 U, ( 1 ?^) 


where the Y terms are square admittance matrices, 
theorem then gives 

Y 2 = -Y 3 


The reciprocity 


( 2 ) 


(the minus sign is a consequence of the use of cyclic currents in the 
4-terminal links), and also that Yi and Y 4 are symmetric matrices. 

Thus, 

• = YiV + Y2U, 

j ~ —YoV + Y4U. 


(3a) 

C36) 
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Consider the case in which the sections have horizontal symmetry. 
This implies that, simultaneously, 


but by substituting from Eq. (3), 


Yr‘Y4 

ij IYiYf>Y4 + Y 2 -YjYi-ijij. 


and 


-Yj-Yi -Y7 
jj IY, + Y4Y7 ‘Yi Y 4 Y 


Y4 = -Y,. 


"U ''1. 
r’i I - iJ ’ 


(4) 


(5) 


( 6 ) 


(7) 


If there are N similar networks, the condition imposed hy the ring con¬ 
nection is 


= 


(fi) 


where v and i l efer to the terminals of any section. This implies that 

Det (I - Tv) = 0 (9) 

where I is the unit matrix. Or, factoring the determinant, that 

Det (\J - T) = 0, (10) 

Avhere = 1. l^ewritiiig Fa\. (3), taking TOq. (7) into account, gives 

i = YiV + Y 2 U (11<^) 


and 


Now, if Eq. (10) is true. 


j ^ _Y,v - Y 2 U. 


vl T f ^ 

j - I . - x„, , 


(lib) 


( 12 ) 


Avhere 
Eq. (11) 


is a characteristic vector for Eq. (10). Substituting in 
Y jX^u tn + Y,u mi 

jm Y2X7y,U^ YiU/Tij 


or 


Thus 


(X^,Y2 + 2X„,Yi -h Y2 )u,„ = 0. 




(13) 

(14) 
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provided Det Y 2 5 *^ 0, where I is the unit matrix. If \m is written as 
Xm = where = 27rm, Eq. (14) takes the final form 

Det (-Yr^Yi - I cos = 0 . (15) 


Referring to Eq. (5) it is to be noted that — Y^f^Yi is, in an obvious 
notation, the v-u matrix of a unit section. The determinantal Eq. 
(15) now determines the possible resonances of the structure. There 
will be, in general, p roots or p-resonant frequencies for each value of m. 
The integer m will be used to describe the mode. It is related to the 
familiar mode number n by the relation m = (A^/ 2 ) — n. The notation 
^ 2 , ■ ■ • , may be used to denote the p modes for each m value. 
Since the frequencies depend upon cos yf/m only, two values of \l/m lead¬ 
ing to the same value of cos \f/m have the same frequency. 'Thus if 
yf/jn = 2ir — or ni' = N — m, m' and m lead to the same frequency. 
There are evidently N values of m; two of these, namely, m = 0 and 
m = A^/ 2 , lead to a nondegenerate frequency; the other (A^ — 2 )-values 
of m occur in pairs of the form (m, N — m) leading to degenerate fre¬ 


quencies. 


There are thus 



separate frequencies if the p 


different frequencies for a fixed m are not degenerate. 

It is possible to write the section matrix T in a form that will be found 
useful later. Suppose that angles 0 i, 1 ^ 2 , • ■ ■ , aie found such that 
cos 01 , cos 02 , - ■ ■ , cos 0 p are the latent roots of Eq. (15), and let 
the diagonalized form of — Y^^Yi be denoted by Ci. Then matrices 
D]i and D 22 may be found such that 


T = D-^ToD 


0l Cl Si] fDii 0] 
0 l-Si Cj 0 Dsoj’ 


(16) 


where Si is also diagonal and has the diagonal elements sin 0 i, sin 02 , 
. . . , sin 0 p. Between Du and D 12 the relation 


S1D22Y2 + Dll — 0 

holds. It is easy to see that for r identical sections one has 


(17) 


Jr = d-‘T5D = D-1 D, (18) 

where Cr and Sr are again diagonal with elements cos r0i, cos 7-02, , 

cos 7’0p and sin r0i, sin 7-02, ■ ■ - , sin r0p, respectively. It may be 
noted that if 

u = jDri'Dzzi, (19a) 


then 


V = jD7i*D22j- 


(196) 
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From Eqs. (18) and (19) it is seen that the set of angles 0i, 02, ■ • . , 0p 
forms a generalization of the usual transfer constant and jDYiD 22 is an 
extension of the usual iterative impedance; for if the network be termi¬ 
nated on the right with a network Avhose impedance matrix is iD 7 ‘/D 22 i 
the impedance matrix at the left-hand terminals is again ^‘D 7 i^D 22 - 

It may be observed that a chain of networks with 4-terminal con¬ 
nections is a structure which exhibits a series of velocities of propagation 
at any given frequency. With each angle 0* there may be associated 
a velocity of phase propagation 27r0«/w at a frequency w; and further¬ 
more, for each 0,., there will be an individual cos vs. cj (or X) curve, 
leading to a set of resonant frequencies. 

In the event that the cell possesses end-for-end or vertical symmetry 
some further properties of the matrix may be deduced. If the various 
voltage and current vectors be written 



where the subscripts 1 and 2 refer to the two ends of the tube, then 
vertical symmetry means that the same relations hold between v, i, u, 
and j as between Av, Ai, Au, and Aj, where A is a matrix that transforms 
the subscripts, or 



Applying this condition to Eq. (11) it is found that 


AYiA = Yi 

and 

AY2A = Y2, 


which means that Yi and Y 2 are of the form 


The matrices Dn 


and D 



22 now have the form 
D1I1D22 = — s] 


A further proposition on unsymmetrical matrices which is made use 
of in Sec. 4-7 will now be developed. Suppose that Yi and Y 2 are the 
matrices of networks which are mirror images (left and right hand) of 
each other. This is implied if 



(22a) 
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and 


or if B 


and 



B = Y 2 BY 1 1)1 Yr^ = B ^Y^B = BY,B. 


Now consider a case in which 


(226) 


(22c) 



then 


and if 


this leads to 



(23a) 


Thus 

Det (A 12 ) = 0 


0 2A12' 
-2A21 0 ^ 


= 0 . 


and V = 0 or Det (A^i) = 0 

arul i = 0. (236) 


A similar set of filiations holds for Yi. 

The single-strapped structure does not come Avithin the scope of the 
general analysis of this section because if the vsingle sections are treated 
as 8-terminal networks, they have no horizontal symmetry and neighbor¬ 
ing sections are mirror images rather than identical. The symmetry 
of the section is such that it is unchanged under a simultaneous exchange 
of ends and of left and right, and if this is taken into account, it is not 
difficult to show' that the u-v matrix for tA\ o neighboring sections is 


0 = 2APAP - I, 


where A has its previous significance and P is the u-v matrix for one 
section. By substituting in Eq. (15), one has 

Det (APAP — cos^ = 0. (24) 

It is probably simpler, however, to treat the single-strapped case as a 
4-terminal network. 
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SYMMETRICAL SYSTEMS 

4-4- Fixed-frequency Systems. —In the most common case, that of 
double strapping, the circuit for a single section indicated in Fig. 4-4a 
may be dissected into three 8-terminal sections as in Fig. 4-7. The 
over-all matrix T is of the form 


T = T,T,T. 


(25) 


where T« is the matrix of a half section of strap and is the resonator 
matrix. The term may be written by inspection as 


= 


cos 08 0 jK, sin 0 

0 cos Bs 0 jKg sin B^ 

jMs sin B„ 0 cos B^ 0 

0 jMg sin Bs 0 cos B^ 


(26) 


where 20* = 27r.'?/X, the electrical length of the strap, and Ms ~ l/^«. 
The matrix for the center section may be derived by supposing that the 
resonator is a symmetrical 4-ter- 
minal network with a matrix 


e.'i 


and that a'" — b'c' = 7; the mesh 
equations can be written and solved, 
yielding for the center matrix 


1 

0 

a' 

V 

1 

b' 


0 

1 

I 

1/ 

a' 

F 


0 

0 

1 

0 


(27) 


For the case considered, a' = cos Br 
and b' = jKr sin where Br is the 
electrical length of the resonator and 
Kr = 1/Mr is its characteristic impedance. Thus 



Fig. 4 7.—A single setition of a double- 
strapped tube represented as three 8-terini- 
nal networks. 


T. = 


1 

0 

— jMr ctn Br 
jMr CSC Br 


0 

1 

jMr CSC Br 
— jMr ctn Br 


(28) 


Forming the product T^TrTa and calculating only the u-v part, the 
latter is found to be 
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I COS 20g + ^KgMr sin 20, ctn 6r — \KgMr sin 20, esc dr 1 

[ —\KgMr sin 20, esc 0^ cos 20, + \KMt sin 20, ctn dr) 

The determinantaJ Eq. (15) now leads to 

(cos 20, + iXsMr sin 20, ctn 0, — cos = (iKjlfr sin 20, esc 0r)^ 
which factors into the two equations 


(29) 


(30) 


1 0 

cos i/^m = cos 20, + - K^Mr sin 20, tan (3la) 

and 

cos = COS 20, + KsMt sin 20, ctn (31?0 


For future reference the matrix D which diaftonaliz(;s T according- to 
Eq. (16) may be written here. Tf 


then 


D22 


D„.(; 

\ 

-1^ 

f 




tan 0, 

Ctn 2 

ctn ~ 
A 

ctii^ 

ctn 


2 

2 


(32a) 


mb) 


Consideration of Eq. (12) and Fig. 4-4a shows that for the 7 r-mode, 
where the voltage across the slots changes l)y 180° between each neigh¬ 
boring pair, 0m = 0 or m = 0. In this case, Eq. (32) becomes 


^ tan e, + Mr tan ^ = 0 (33n) 

and 

~ tan 0, — Mr ctn ^ = 0- (33(>) 


The interpretation of these equations shows that in the first case the two 
half-strap sections, open-circuited at the midplane of the segments, art' 
resonating in parallel against half the unstrapped resonator, open-cir¬ 
cuited at the median plane, and in the second case, against half the 
resonator short-circuited at the median plane. These may be referred 
to as symmetric and antisymmetric modes and designated as the 
(m = Oi)- and (m = 02)-modes, respectively. A similar pair of modes 
exists for any other value of m, and the symbols mi and m 2 will be used 
to refer to them. 

Returning to Eqs. (31) the following substitutions may be made: 


20. = Kr= _ ; 

X VI - xyxj. 


and 
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For the modes of greatest interest, X > Xro, with the result that hyperbolic 
functions replace the trigonometric ones pertaining to the resonator. 
Equations (31) then become 


cos 


2Trs Ki 

cos—+ 22 


/x= , . 2ts^ ,Th /X*’ 

'd * 


1 (34a) 


and 


cos = 



+ 


K. 

2Z, 




. . 2Trs ^ , irh 

1 sin ctnh — 
X X 



(346) 


The nature of the mode spectrum and the effect of various parameters 
upon it may now be studied by plotting the right-hand sides of Eqs. (34) 


as functions of X. Figure 4-8 
shows the two expressions, which 
may be called cos <t>i and cos 02 , as 
functions of X/Xr„, for four values 
of k = Ks/2Zra‘j namely, k = 0.8, 
0.4, 0.2, and the limiting case 
k = 0. The term k measures the 
weight of strapping, and it de¬ 
creases as the strapping is made 
heavier. Ilepreseiitative values 
for 27r.s’/Xro and 7r/j/Xr„ are chosen; 
these are 0.55 and 0.80. 

Over the interesting range of 
X/X,.„, cos 01 and cos 02 are mono- 
tonic increasing functions of this 
(juantity; for sufficiently small 
values of X/Xrp, however, the tan¬ 
gent and cotangent functions will 
give rise to a series of branches, but 
this region is generally not rele¬ 
vant. At such values of X/Xr„, 
short waves are propagating up 
and down the resonator giving a 
series of modes. For the sym¬ 
metric modes (cos 0 i), all the 
curves pass through the point 



Fi i>. 4’8.—The dependence of cds «/n and 
P.O.S ft >2 on X/XrD for various values of /: in a 
double-strapped tube [see Eqs. (34)]. The 
.solid linca are cos i/u (symmetric modes); the 
broken lines are cos <p 2 (antisyininetric 
inode.s). Values of cos <^ > 1 correspond to 
1 ^ imaginary. For A; = 0 the two sets of 
modes coincide. 


(X/Xru = 1, COS 01 = COS 27r5/Xro), and they lie above the limiting (k = 0)- 
curve for Xr„ < X and below it for X^o > X. As fr is decreased, the (cos 0 i)- 
curves approach the limiting curve. The (cos 02 )-curves, on the other 
hand, lie far to the left for large k and move steadily to the right, tending 
eventually to the limiting curve. Four horizontal lines are drawn on Fig. 
4-8 corresponding to cos 0 i and cos 02 equal to cos cos 22 ^°, cos 30°, 
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and cos 45”. The intersections of these lines with the (cos 0i)- and (cos 
02)-curves give the wavelengths of modes for which ^|/rn. = 0°, 22^°, 30°, and 
45°. These represent, for example, the {m = 0 )-, {m = 1)-, and (m = 2)- 
modesforiV = 16 (^ = 0°, 22^°, and45°) ,*the (m = 0)-and (m = l)-modes 
for = 12 (0° and 30°); and the (m = 0)- and {m = l)-modes for N = ^ 
(0° and 45°). 

It is clear from the form of the curves that for either the symmetric 
or antisymmetric set, the modes have the opposite order in wavelength 
from that in number. Also, as the weight of strapping increases (A* 0), 

the intersections move to the right for the antisymmetric modes; i.e., 

the wavelength increases. For 
the symmetric modes the intersec¬ 
tions move to the right if cos 
(t>m > cos 27rs/X,„ and to the left if 

27rs 

cos (t>m < cos - - 

Xri) 

Thus, whether or not the wave¬ 
length of a mode is increased or 
decreased by strapping depends 
upon the mode number, the strap 
length, and the resonator wave¬ 
length. Figure 4*0, derived from 
Fig. 4-8, shows the wavelength of 
the modes as a function of For 
a given mode the intersections 
tend, as /r ^ 0 , toward tliti points 
cos (t>m = cos 27r.s/X or, because 

= 2x771/A, toward X = Na/m-. Thus, the x-mode wavelength becomes 
indefinitely long, while all the others tend to a finite limit, dependent only 
upon the strap length, the mode number, and the number of oscillators. 
The limiting Avavelengths, in fact, correspond to \/m. times the strap 
circumference. 

In practice, it is of interest to examine the mode spectrum as a 
function of weight of strapping, subject to the condition that the x-mode 
wavelength remain fixed. It is thus necessary to adjust the unsstrapped 
wavelength Xr„ in each case. Figure 4-10 shows cos 0i and cos 02 as 
functions of X/X,r, where X, is the Avavelength of the x-mode, for k = 0.8, 
0.4, 0.2, and 0. The strap length and tube height used correspond 
to those of Fig. 4-8 with k = 0.4; that is, the x-mode wavelength of 
the {k = 0.4)-case of Fig. 4-8 is used as the fixed x-mode wavelength of 
Fig. 410. Figure 411 derived from Fig. 410 shows the variation of the 
wavelengths of some of the modes as a function of k. The limiting 



Fio. 4-9.—The dependciiCB of X/Xri, on />< 
for various values of 0i and 0^ in a double- 
strapped tube. The solid lines are the 
syiTiJiietric modes; the broken lines arc the 
antisy rn metric mod es. 
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wavelengths in this case may be found by letting fr —> 0 with X, fixed in 


Eq. (34a). The equation then 
becomes 

^ 2irs 

cos 01 = cos 02 = cos — 

+ — tanh — sin (35) 

Xtt ' X 

Tt is seen that in this case also, the 
symmetric and antisymmetric 
modes eventually tend for very 
heavy strapping to coincide in pairs 
of the same wi-number and that 
all the modes now tend to a finite 
wavelength. 

4-5. Effects of Various Param¬ 
eters on the Mode Spectrum.— 

The general behavior of the modes 
is more easily examined if approxi¬ 
mate forms are used for Etps. (34a) 
and (35). Thus, if 27r.'j/X is suffi¬ 
ciently small to ignore terms of 
higher than the second order in 
27r.s/X, the sines and cosines in Eq. 
(35) may be expanded to give 



Fig. 4-10.—The dependence of cds tfn and 
cos (f >2 on X/Xtt for various values of A; in a 
double-strapped tube. The solid lines are 
cos ft>i (syminetric modes); the broken lines 
are cos (antisymmetric modes). For 
A; = 0 the two .sets of modes coincide. 


cos 0 = COS 0' 


27r2.s*^ 2tV 


(36a) 



Fig. 4-11.—The dependence of X/X^ on k 
for various values of i/>i and 02 in a double- 
.strapped tube. The solid linc.s are cos 0i 
(symmetric modes); the broken lines are 
CDS 02 (aiiti.symmetric modes). 


or 


j sm 

Xi 


, 7rm 


N 

2 


(36b) 


for the mth mode, where = 
27 rm/V. With the same condition 
upon 27rtS'/X and the additional 
requirement that 



may be replaced by 


irh 

Vx?;. 


-1 


(a condition that requires either a very short tube or light strapping) 
Eq. (34a) for the symmetric modes becomes 
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with 



and Eq. (34?>) becomes 



(37) 


(38) 

(39) 


The close resemblance in form between Eqs. (36) and (37) is largely 
fortuitous; Eq. (36) is valid for /r small; Eqs. (37) to (39) for /r large. 
Taken together they reveal the main features of the spectrum. Equa¬ 
tion (38), which holds when the variation of the fields along the strap 
sections and along the resonator can be ignored, may be written as 



(40) 


where Cs = 2s /and Cr = h/u)Zr„ are the strap capacitance and 
resonator capacitance, respectively. This shows that in the 7r-mode 
strap capacitance is in parallel with the resonator capacitance. 

The effect of the number of oscillators on the mode spectrum may 
now be considered. From Eq. (37) it follows that if two systems are 
built with the same ratio of strap length to 7r-mode wavelength, the 
relative mode separations will be the same for light strapping if 



sin^ 


Trm 

N’ 


For modes with small m, irm/N is small and k is assumed large; thus one 
can write 



for modes of the same m number. Thus, the weight of strapping required 
to produce a given mode separation varies as N'^ for relatively light 
strapping. Again, according to Eq. (36), the limiting mode separation 
varies as 



when wm/N is sufficiently small. Now Ns is equal to 27rr«, or very nearly 
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27 rrfl. The mode separation iS; thus, proportional to {m\rr/2Trra)^ and 
flepends essentially upon the size of the tube in terms of its operating 
wavelength. Both Eqs. (36) and (37) indicate that the mode separation 
varies with l/s^ for a given number of oscillators, indicating the practical 
importance of keeping the straps short. The effective length of the straps 
depends somewhat upon the shape of the resonator because it affects 
the distribution of voltage at the places where the straps are connected. 
An illustration of this effect is given below. 

The remaining variable whose effect is to be considered is the length /i. 
l^ecause Eqs. (34ci) and (34i)) differ only in that one contains a hyperbolic 
tangent, the other a hyperbolic cotangent, the my- and ma-modes must 
approach each other when the argument of these functions becomes large. 
The condition for this is that 

irh IX^ 

T Vx;." * > 

This may come about through heavy strapping (Xr„ <K X) or for long tubes 
(/i large). As h is inert^ased, the antisymmetric modes very rapidly 
increase in wavelength, finally reaching a state in Avhich the (m 2 = 0)- 
mode is nearer to the (mi = 0)-mode than is the (m,i = 1). Since most 
output circuits do not couple out the 
antisymmetric modes, this repre¬ 
sents an undesirable condition. As 
a solution for the difficulty center¬ 
strapping has been used. Essen¬ 
tially this means building a double¬ 
length tube by putting end-to-end 
two completely strapped systems 
each of single length. The mode 
spectrum of the whole system is 
then close to that of its component 
halves. 

Some actual applications of the | 
formidas of this section will give an 
indication of their reliability (see F JQ. 4-12.— Two tyiXiH of Lstrapping used nii 

Fig. 412). In a scaled-up model le-sdiiato.-m^guetr.n.s. 

(Fig. 412a) of a 16-resonator hole-and-slot 3-cm magnetron (4J50) the 
measured wavelengths of the (mi = 0)-, (mi = 1)-, and (mi = 2)-modes 
and the unstrapped wavelength are 12.400, 10.152, 7.570, and 9.47 cm, 
respectively. Any three of these may be used to calculate k and 27rs 
from Eq. (34a). With k = 0.46 and 27rs = 4.58 cm, the calculated 
wavelengths are 12.35, 10.17, and 7.52 cm. The effective strap radius 
is 1.86 cm compared with the actual strap radii of 1.85 and 2.04 cm. 
k, tentatively estimated from the tube geometry, agrees well with the 
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above value. In a second 16-cavity tube (Fig. 4-12/)) roughly twice the 
length of the above, the first two modes (mi = 0) and (w, = 1) were 
measured to be 10.53 and 8.45 cm, and the unstrapped Avavolength 6.78 
cm. With a value of 4.41 cm for 27rs and 0.204 for /c derived Irom 
these measurements and Eq. (34ti), the antisymmetric modes (m 2 = 0) 
and (m 2 = 1) were found to be 9.51 and 7.59 cm. The measured wave¬ 
lengths were 9.36 and 7.45 cm. In this case the e[le(;tive strap radius is 
about 17 per cent greater than the actual mean strap radius. Presumably 
the lower effectiveness of the strap in Fig. 4T26 is due to the fact that 
the outer strap overhangs the hole and interacts with the flux through it 
and also to the shortness of the resonator, w^hich puts the outer strap at a 
relatively low^ voltage point. Further evidence on this point is obtained 
from two 16-resonator vane-type magnetrons that had identical strapping 
but different vane depths. The wavelengths of the (mi = ())- and 
(mi = l)-modes were, for the first, 11.701 and 8.879 cm and, for the 
second, 9.545 and 7.852 cm. The unstrapped wavelengths can be 
calculated wdth some accuracy for vane tubes (see Sec. 11-2) and were 
computed to be 7.36 and 5.48 cm. With this information, 27r.s becomes 
4.22 cm for the first tube and 4.37 cm for the second. Thus, the mechan¬ 
ically identical straps are electrically about 4 per cent shorter for the 
system with long resonators. The corresponding values of A- are 0.263 
and 0.230; the ratio of these is 1.14, w^hereas the calculated ratio of the 
resonator capacities is 1.19. 

For single-strapped systems the separate sections may be treated as 
4-terminal networks. By evaluating the single term of the (u-v)-matnx 
and using Eq. (15), the secular equation is found to be 



where the constants have the same significance as before, except s, 
which is the sum of the effective strap lengths at the two ends of the 
tube (per section). 

Figure 4T3 shows cos 0 as a function of X/X^o for values of k = 0.8, 
0.4, and 0.2 for a single-strapped tube similar to Fig. 4-8 on double 
strapping, in which 27r5/X^„ = 0.55 and irh/K, = 0.80. The behavior 
of the mode spectrum under an increasing weight of strapping is con¬ 
siderably different in this case. The wavelength of all modes (in the 
range considered) increases with heavier strapping, and the mode order 
is the normal one for strapped tubes. However, the mode separation 
is only very slowly increased by increasing the weight of strapping, since 
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the slope of the curves of the cos 0 vs. X/Xro changes quite slowly with 
decreasing k. Comparing the curves of Fig. 413 with those of Fig. 4-8, 
it is apparent that the mode separation for heavy single strapping is far 
less than for double strapping of the same impedance. The difference 
persists even when the two cases are compared on the basis of equal total 
strap capacity. 

The reason for the very different behavior of single-strapped tubes 
may be found in the fact that the coupling path between oscillators now 
includes the oscillators themselves. 

Thus, if the resonant Avavelength 
be increased beyond the un¬ 
strapped wavelength by adding 
straps, the coupling path of the 
resonator is now beyond cutoff. 

With sufficiently heavy strapping 
the coupling through the resona¬ 
tor be faun es relatively weak, and 
mode separation is difficult to 
achieve. Actually, for sufficiently 
heavy strapping the model of Fig. 

4-7 will break down because the 
impedance of the coupling path 
through the end cavities over un¬ 
strapped segments will become 
comparable to that through the 
resonator. It may be noted that 
the s y m m e t r y of the single- 
strapped tube is such that two sets, 
of symmetric and of antisymmet¬ 
ric modes, do not exist. Thus, 
long anodes lead to difficulties be¬ 
cause of poor mode separation between {rn = 0, 1, 2), etc., rather than 
between (m = Oi) and (m = O 2 ). 

Evidence for the correctness of this picture of the mode spectrum 
may be found in the data on the HPIOV, a high-power 10-cm magnetron 
for which irh/K^ = 1.48, 27rVXr„ = 0.84, and N = 10. The ratio of 
TT-mode wavelength to unstrapped wavelength is 1.245, but the mode 
separation between (m = 0) and (m = 1) is only 5 per cent. 

The discussion of the mode spectrum of a strapped system has shown 
that the distribution of the modes in frequency depends upon the nature 
of the variation of the transfer angles with frequency. The strapped 
system was discovered somewhat accidentally; and, so far, no resonant 
system has been developed synthetically, in the sense that the word 



Fig. 413.—The depenrience nf cos 4> on 
X/Xro for various values of k in a sinRlc- 
.strapped tube. Values of cos > 1 corre¬ 
spond in 0 iniai^ioiLry. 
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is used in filter design. It seems probable that alternatives to the 
strapped or rising-sun systems with satisfactory mode spectra might be 
found by deliberately synthesizing a network with desired transfer 
characteristics, that is, with the required variation of the transfer angles 
with frequency. 

It has been stressed that the equivalent lumped-circuit treatment of 
strapped resonant systems is not primarily a method for making wave¬ 
length calculations but is rather a model that correlates observed data. 
It is possible, however, to estimate wavelengths reasonably well by calcu¬ 
lating Xro, Zruj 5, and and by making use of these values in the mode- 
spectrum formula. Methods of calculating Xr^, 5, and are 

described at some length in Chap. 11 on the design of resonant systems. 
A value of Xr„ can usually be estimated for any resonator shape to about 
3 to 4 per cent and Zro with perhaps half of this accuracy; 5, the equivalent 
strap length, is the most difficult quantity to determine with certainty. 
As has already been pointed out, it mil depend upon the location of the 
straps with respect to the resonator and upon the shape of the latter. 
Errors in its determination will not seriously affect the calculation of the 
TT-mode wavelength, but they will cause consideralde uncertainty in the 
value of the mode separation, because this quantity is so strongly depend¬ 
ent upon the effective strap length. 

ASYMMETRICAL SYSTEMS 

The discussion of the strapped anode block has so far dealt with 
situations in which all the resonators were identical. Three departures 
from this condition are important. The first is the case in which power 
is coupled out from a single cavity. Here it is of interest to know how 
the wavelengths are affected and to what extent the field patterns in 
the interaction space are distorted. Experimentally, this distortion can 
be produced by heavy loading, and a correlation with lowered operating 
efficiency has been noted. The second case is the presence of strap 
breaks. In^some tubes mode transition under certain conditions of 
operation can be prevented by breaking the straps at some point over a 
segment; in general, the effectiveness of this procedure depends upon the 
orientation of the breaks with respect to the output. Strap breaks give 
varied effects: they cause a shift in the frequency of the modes for 
m Oj thereby affecting mode selection (see Chap. 8); they may influ¬ 
ence the coupling to the output of the modes; finally, they cause dis¬ 
tortion of the field patterns for m 5 *^ 0, thereby making power transfer 
to those modes inefficient. The final case occurs in consideration of 
tuning schemes in which the frequency of the resonator system is varied 
by introducing reactance into a single cavity. This problem is an 
extension of that of loading; the questions of pattern distortion and 
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variation of mode separation are important. In principle, most of these 
questions can be answered; the complexity of some of the results may 
suggest recourse to a model, however. 

4-6. Pattern Distortion and Mode-spectrum Effects Caused by 
Loading.—Pattern distortion due to loading or tuning may be ade¬ 
quately treated. Because most single-cavity tuners and output circuits 
do not couple the antisymmetric modes, the 8-terminal network used 
so far may be replaced by the 4-terminal one, which is obtained l)y 
considering only the upper or lower half of the tube open-circuited at the 
median plane. The resonator system will then be represented by a ring 
of 4-terminal networks, one of which is shown in Fig. 4T4a. The matrix 
for one section is then 


T- . 


COS 0 jZ sin 0 


jY sin 0 cos 
1 0 


jY^ 

2 


cos 26s jKs sin 26^ 
jMs sin 20s cos 26^ 


jY„ 


1 0 
1 


(42) 


where = Mt tan 6r/2 and all of the other symbols have their earlier 
significance. Thus, 


and 


cos 0 = cos 26s — sin 20*, 


Z sin d> = Ks sin 26s. 


(43) 


The cos 0 is identical with the function cos 0i used before. If one 
oscillator is loaded and the load is considered to be transformed to the 
upper (or lower) end of the oscillator slot, the ring of 4-terminal elements 
is changed by the addition of a shunt element, ^Fi^d, say, and appears 
as in Fig. 4T46. The condition for periodicity is now 


1 


j l InHcl 



(45) 


Using the known expression for the determinantal equation is now 


cos Ar0 — 1 

jY sin A^0 + jYi^sd cos iV0 


jZ sin N 0 

cos A^0 — 1 — ZYio^ sin Nfl> 


= 0 


(46a) 


or 


which leads to 


. N4^ (. N4> 1 

sin I sin "2 - 




sin = 0, for 0 = 0, 


(46f)) 
(47 a) 
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otherwise, 

tan ^ i ZF.„, = 0. 


(47b) 


These equations show that except for the 7r-mode each of the modes of 
the symmetrical tube is degenerate and consists of a doublet, one compo¬ 
nent of which will couple the output and one which will not. The 
(m = 0)- or (0 = 0)-mode is nondegenerate because, as can be seen 
from Eq. (44), Z sin 0 remains finite and, therefore, so does Z sin iV0/2 



{o I 



Fig. 414.— (a) TIk* 4-(.i3i-miiLal network for one .seetion of the i Dsoiiunt syislem; (?>) adilil ion 
of a load to the ring of 4-tcrniinal networks. 


in Eq. (46). The degeneracy of the modes was also apparent from the 
fact that the terms of the form that appeared in factoring — I 
[Eq. (9)], coalesced into cos ypra in the determinantal equation when 
m 9 ^ Q. Equation (47&) and the equations that define cos 0 and Z 
determine the frequency shift. The variation of loading among the 
different modes may be examined if Eqs. (44) and (47/;) are combiner! 
to give Fa, the admittance looking into the tube at a slot, 


sin 0 tan 

- = F, = +2 - 2^' 


(48) 


or, as it may be written by using Eq. (43), 


tan 


JV0 


Y.= + 


■tan 




tan 



I'or the TT-mode the bracketed term vanishes, and the characteristic 
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admittance, is 



iV 3 / tan 0* 

2 Ky 


+ 



For m ^ 0, the unbracketed term vanishes, and 



Hut 


90 . 0 

X-^m^ cos 

from Eq. (43). Therefore, 




sin^ 0^ + 


1 


sin 20, 


) 




^tan Og . Tres\ 

_\.z^;_a7 

. /tan Og YrA 

Kg sill 6g cos Og I + 2 I 


sin Og c.os 9., X -- 

OA 


/tan 0, F,.,A c 

( /C + 2 


- (A^ sin Og eos 9,) 


.... . / tan 0, F,„A 

Kg sin cos 0» I + 2 I 

and 

-2>'. - 2 ‘ - k !" + >'-) + 2 ‘ AV + ’A " fx '"S ™ 

(2‘“.»- + r..) + ,v(2'‘ 


_ A\ 9 
“ 2 ^ 9X ’ 


ban Og 


■) 


90„ 

X ctn 20g 

d\ 


Since we have considered only one-half of the tube, these values Y,. may 
be doubled to obtain the values for the whole tube. 

For small values of 0^, X(9/9X) log sin 20^ = — 1, which simplifies 
the second term. The characteristic admittance for the 7r-mode is N 
times that of a single section open-circuited at the midplanes of the 
segments. For the other modes, essentially because of the fact that they 
have an uncoupled component, only N/2 times the characteristic admitr 
tance of the individual resonator appears, together with N times the 
actual admittance of the individual oscillator. It must be kept in mind 
that the values of Y^ found above are not actually those which enter into 
measurements of Q-values, because the admittance used here appears 
at the top or bottom of a slot. The individual oscillator containing the 
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output circuit acts as a transformer between the slot and the place at 
which the output circuit is supposed to begin. The effect of this trans¬ 
former is discussed in Chap. 5. 

The amount of pattern distortion caused by loading or tuning may 
be analyzed in terms of the field patterns of the undisturbed modes. 
Suppose that the actual voltages and currents across the resonators are 
V . . . , T(n-i) and /d, /i, . . . , /(n-i). Let the amplitude of the 
mth mode be where, if traveling waves are used, m has the values 
0, ± 1, ± 2, ■ ■ ■ , ± {N/2 — 1), JV/2. Then the voltage Vr on the rth 
resonator satisfies 

Vr = 2 

m 

Multiplying Eq. (49) by and summing over r, one has, because 

A^(^m - \pv) = 27 r (rn - n), 

N-l 

-Va„, = ^ e-^'*”-Vr. (50) 

r = 0 


If a quantity is defined such that 

N-l 



lint considering Eq. (45), 



The result of subtracting Eq. (52) from Eq. (51) ami using Eq. (53) is 

." - (d -»2) (/:) 

or, by equating terms, 

(1 — cos i/>)a,„ — sin 0 = 0 

— sin 0 + (1 — cos 0)bm = 
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ypm — cos </>) = — ^ 2 sin (t>] 


or, using Kq. (476) 


-sin 0 tan 


Nil> 


N(cOS 0 — cos 0m) 


(55) 


The term an gives directly the amplitude of the (m = 0)-mode; 2am gives 
the amplitudes of the remaining standing-wave patterns. It is to be 



65 75 B^O B5 9^ 95- 

Wavelength X in cm 

Fio. 415.—The amplitudee of various modes as functions of X. Values of cos 0 > 1 

correspond to 0 imaginary. 

noted that is expressed entirely in terms of the angle 0 which is pre¬ 
sumably already known as a function of X. As an example, Fig. 4T5 
shows the relative intensities of the modes in a 12-resonator magnetron 
as a function of 0 and wavelength. If this magnetron were tuned by 
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introducing reactance into one cavity, Fig. 4-15 shows the relative 
intensities of the component modes when the system has any of its 
resonances at </> and X. For convenience the quantity — has 

been plotted. Equation (55) is, of course, also valid for the case of 
resistive loading when 0 is complex, but Fig. 4-15 applies to purely 
reactive loading (cos 0 real). It is of some interest to note that with 
substantial mode separation, distortion sets in above and below the 
TT-mode at about the same rate. 

In the simple case of loading, the perturbations are relatively small. 
For the 7r-mode when Fi^^d is sufficiently small for terms in the expan¬ 
sions of cos 0 and sin 0 higher than 0'^ to be neglected, Eqs. (43), (44), 
and (476) give 

4,^= - K. sin 2e.; (56) 

Eq. (55) under similar circumstances becomes 


2am = 


• 2 


and using the value of 0^, 


2am = 


Fi^^a.iA"«_sin 26 ,^ 
irm 

2N sin^ 

N 


For large N and short straps this becomes 



This is a result which might haA^e been expected. It shows that distor¬ 
tion will be severe when the effective strap circumference sN is large 
relative to X,r. It also shows that when the coupled admittance is 
comparable to the strap admittance, there will be distortion and, finally, 
that the other modes are excited in amounts varying as l /m’. Because 
the tangential component of electric field for the mth mode falls off 
roughly as the pattern may become badly distorted at the 

anode because of a small amount of high-m component. 

A further source of pattern distortion is the longitudinal variation in 
field strength that arises from the influence of the straps at the ends. In 
the symmetric modes the fields have an axial variation of the form 
cosh 2Trz/\ \/(XVxy — 1, measuring z from the median plane; in the 
antisymmetric modes, a hyperbolic sine is involved. This variation is 
considerable in heavily strapped tubes; thus in the long tube described 
at the end of Sec. 4 5 the fields at the end are twice as great as those at the 
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center; in the lighter strapped and shorter tube, also referred to in Sec. 
4-5, the difference in fields is about 15 per cent. This source of pattern 
distortion may be removed by center-strapping. 

4-7. Effects of Strap Breaks.—In double-strapped tubes the two 
straps at one end of the tube are customarily broken and each break is 
made over a segment; the straps at the other end of the tube are con¬ 
tinuous rings. There will then be an odd number of sections between the 
breaks. The breaks may be represented in the equivalent circuit by a 
series reactance introduced at the discontinuities of the strap system as 
shoAvn in Fig. 416. The same arrangement of the sections that was used 
in the loading analysis is used here, namely, two coupling sections in the 



Via. 4- Wi. Equivfilimt. Lvii tmit of two iieii^hboi ing sei^tioiis in u sLriippnrl tube; one sontioii 
rtnitfiinM a strap break. Tlic .•ipx)i'Opnati‘ matrix is inilicatccl for oar-li part. 

center and half the resonator section at each end. The matrix for a 


“breaksection will be 

1 0 jX 0 

^01 00 
® ~ 0 0 10 
^0 0 0 1 



If there tvere strap breaks at both ttd)e eiuls on the same segments, then 
0 would be given by 


Q 


X 0 

0 x 


(59) 


Referring to Fig. 4T6, let the matrices for the normally left- and right- 
hand sections be L and R respectively. Then 

T = D“^ToD = LR. See lOq. (16). 
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One may write 

and 

Then 


L = D-T,«DF 
R = F->D-»T„^^D. 
t = RL = F-'D-'T„DF. 


(60a) 

(606) 

(61) 


Thus, T is the new seetion matrix and may be put into the same quasi- 
diagonal form To as T, while DF has replaced D. If the two diagonal 
submatrices of DF are (DF)ii and (DF) 22 i these may be found and are 



(62) 


(63) 


Starting now from a point halfway between the strap breaks,_supposcd 
(2p + 1) sections apart, where p is an integer, and using T' for the 
temporary symbol of the matrix of a section containing a break, the 
periodic condition may be expressed as 



(64) 

(65) 


The two matrices in brackets in Eq. (64) correspond to sections that are 
mirror images, and they satisfy an equation such that the theorem proved 
in Eq. (235) may be applied to either of them. The first of the matrices 
may be written as 


and putting 

_ p -10—Vu DT^D-'To<>'+«>DF W, 
I 'oj I '») 


( 66 ) 


then, according to Eq. (235) 
or 


io “ io — 0, 

v'o -- Vo = 0. 


(67 a) 
(675) 
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Now 


jDiiQD 2I — 


jDuQD^^^ = 


yo] (Dji 

0] 

_ f' j 

ij ( 0 

Dlij 

(0 

and D 22 given in 1 

Oq. (32), 

A" ctn 6s 

( 

tan 

tan 

2 

2 

IN 

tan „ 

X 02 

tan - 


2 

2j 

nd 

X ctn 0, 

X 01 

tan 

0 

2 

~K. ~~ 

0 

tan ^ 


(69) 


(70) 


for broaks at both ends. The conditions (67a) and (676) lead then to 

[ — Sjv/2 + iSi,v/2)-ji-.i‘.!(DiiQD^2')S(j,.^.i,.^)](DF) iiVo = 0 (71) 

or 

[SiV/2 + jC[N/2)-p-yi (DiiQD'22^)C(p-}-i,i)l(DF)22in — 0 (72) 

Using P]qs. (69) and (67) and the fact that the determinants of the 
matrices between bars in Eqs. (71) and (72) must vanish, the following 
equations may be found: 



for breaks at only one end. Because Xy> tan for all normal strap 
breaks, the first term may be neglected and 
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sin ^ [sin [sin (^p + tan ^ 

+ sin j^sin - p - 1^2 j [sin (p + ^ 02 J tan = 0 (74a) 

and 

sin [cos (f - P - 0 [po« (p + 0 -Ai] tan 

+ sin [cos {^ ~ P ~ ^ '^’ 2 ] [t>“« ^P + 0 ^2 j tan ~ = 0. (74/>) 

For breaks at both ends there are four equations obtained i)y equating 
each of the bracketed terms to zero. The appearance of four equations 
in this case is a consequence of the fact that there still is end-for-end 
symmetry and a complete separation into symmetric and antisymmetric 
modes. When the break is at only one end, the two sets of modes are 
mixed and the only symmetry is that about the plane around which 
the breaks are symmetric. Thus, the modes for which io = 0 have a 
voltage loop in this plane, and those for which Vo = 0 have a voltage 
node. The 7r-mode is not affected by the strap breaks unless so much 
of the strap is removed that the capacitance of neighboring strap sec¬ 
tions is affected. 

The wavelengths of the (mi = ())- and (mi = l)-modes of the IIT\7 
magnetron have been measured with unbroken straps and with strap 
breaks at one end, 30° and 90° apart (p = 0, 1). For this tube N = 12. 
From the unstrapped, the (m.i = 0) and (mi = l)-wavelengths in the 
unbroken case the values of k and s liave been calculated and used with 
the aid of Eqs. (74) to eA^aluate the first three wavelengths in the broken 


Table 41.—The Effect of Strap Breaks on the Wavelength of Several 
Modes of the HK7 Maonetron 


Strap condition 

P 

No. of rnj 
mode 

Exper. X, 
cm 

Calc. X, 
cm 

Unbroken. .... 


i ° 

10.645 

10.645 



1 1 

8.081 

8.075 



0 

10.645 

10.645 


/ 0 

r 

8.400 

8.687 


\ ^ 

r' 

8.900 

8.783 


] 1 

0 

10.645 

10.645 

Broken at one end. 

/ 1 

r 

9.165 

9.0B6 


] 1 

1" 

8.663 

8.483 



0 




1 2 

r 


9.24K 


\ 2 

1" 


8.190 
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strap cases for p = 0, 1, and 2. The agreement with experiment may 
be seen from Table 41. 

The 1' modes are those having a voltage loop midway between the strap 
breaks; the 1" modes, those having a voltage node. The experimental 
wavelengths are properly assigned according to pattern measurements. 
It may be seen that the order of the 1' and 1" modes depends upon the 
separation of the breaks; the order cannot be predicted without an 
examination of a specific case. 

Some information on double lireaks at each end is available from the 
(A^ = 16)-model 4.150 given in Sec. 4-5. Table 4-2 shows the agreement 
between measured and calculated values. 


Taih.e 4-2.— The Effect of Strap Breaks on the Wavelencth of Several 
Modes of a {N = Ifi) Marnetron, the 4.150 


Strap coiulitinn 

! 

V 

No. of mi 
mode 

Exper. X, 
cm 

Calc. X, 
cm 



fo 

12.400 

12.35 

Unbroken. 


1 

10.1.52 

10.17 



12 

7.570 

7.52 



fo 

12.400 

12.35 

Broken at both ends. .•. 

0 

1 

T1.000 

11 .57 



12 

9.970 

9.99 


The pattern distortion caused by strap breaks may be calculated by a 
modification of the methods used earlier in this section. Since both 
symmetric and antisymmetric modes are excited, there will be two 
amplitudes, and corresponding to these for each mode number m. 
In terms of these, the voltages and say, at the two ends for 

the mth mode are given by 


and 
or if 


V[ill ^ A ) “1” ®m., 

(75a) 

1 Im^H) 

(75b) 



and 





Wa,,. 


(75c) 


As before, if be the voltages at the twaeiids of the rth oscillator. 



m 
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and 


Wa„ = ^ 


If bm now be introduced as a similar generalization of the h„, used before 
[see Eq. (51)]; 


.w (;:) = X(t)' 

r 

Then, for the case in hand, 


(76) 




(b") ^ X ’’’ ('i" ’ 


and 


JV(1 - e-'^T)W - T 

lb„J [ ip+,j [ \„) 

+ e-m-p)*.. _ j jV|Ar-p_i,| 

I V '(A'-p-i)J 


But, 


|v„+i,j _ j jv„j ^ f-‘D-‘T„^^D(T« - l)D-*T„^=DF 

^ l(p+l)J IpJ IpJ 

= F-iD-iTo‘'^D(T,, - l)D-T„('’+‘-^DF 


and 


Vo' 

'n> 


(78a) 


ViAT-p) _ j ^ f-»D-i(I - T„>^DTir'D-‘T„ 


T^r^DF I'("I = F-iD-iT„^'^D(T„ - l)D->T„-(»+W)DF 


Now, 


-H) 


D(T« - l)D-> = 1° 


(78b) 


with the res\dt that 


D(T^ - = 


_ f+.7 DllQ 022^5 (J,41^52) jDiiQD22^C 


and 


I 


[p+yi) 

oj 


D(T« - l)D-iT„±'>+^)DF ['J“] = [iDiiOD7,'( + S(p+«)(DF)„v„ 

H" ^(p+j-^) (DF)22io)]- (79) 

Now, if Eqs. (71) and (72) are written out at length, it is easily verified 
that either 
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io = 0 

(jDilQD22^)S(p+^,;i)(DF)llVo = I^IJ 

I'E 

(80a) 

Vo = 0 

(jDiiQD72')C(p+j,2)(DF)22io = ||j 

= E. 

(805) 


Thus, the right-hand side of Eq. (77) may be written 


’ 2 


+ eJ(H-w)*..] E| 

= [e~'%j sin (p + i)^„] F->D->T„>^ 


if io = 0, or 
e 2F-‘D-To>" 

if Vq = 0. 


0 ) 

= 6 ^ 2 2 cos (p -I- F-‘D-'To^ 


Equation (77) thus becomes 

A-(, _ ,--,v.T,w [“-) - [2.-'’^^;“ (p + «f.][F-D-.T.» (Ej 



(81) 


(82) 


where the alternative j sin and cos forms correspond to the cases for 
id = 0 and Vu = 0 respectively. Midtiplying both sides by 


e+y>»T-‘ = F-'D-'(p'*'“l - Tj’)DF 

gives 

= (p -F i) , (83) 

but 


N 


(cos ^„,) I — Cd 0 

0 (cos ^„.) I — Co 


DFW 


fa., 

M 


j sin / , A 

-L (F + sj 


2jC>,i sin y 2Svi cos y 
-2S}scos^ 2jC^iSin^ 


r ■ 

or 


hence 


Ar[(cos ^„)l - C„](DF)„Wa„ = (p -F K 2jC,i sin E. (84) 
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According to Eq. (62), however, 


(DF) 11 = sec 6^ 


therefore, 


(DF)iiW = sec 


4>i 01 

cos cos — 

02 02 

cos 2 -cos -2 




0 2 cos ^ 


Substituting in Eq. (84) then, 


N sec 0, 


cos \l/m — cos 01 


oi 


0 cos 0 m — cos 0 ; 


0 COS 


®mi 

02 


and finally, 


J COS 2/ 


Pi 

COS r I 

™ 2' „ 1 ’ 

0 cos — ^ ^ 

2 




sin 2 " cos 0 . 


Af(cos — cos ^t) 


— sin/ , l\ 
j cos + 2 ) 


\l/m Sin COS 


"" >V(cOS 0 m — COS 02) 

The relative loading of the modes when strap breaks are present can 
also be calculated. It will be sufficient here to outline the method of 
analysis and to quote the final results. Suppose again that the strap 
breaks are ( 2 p + 1 ) sections apart and that between the output oscil¬ 
lator and one strap break there are q oscillators; between the output 
oscillator and the other break there are r sections in the opposite direction. 
The relation N = 2 p + g' + r + 4 holds. The problem is most easily 
handled by using the T matrices rather than the T. If the matrix for a 
loaded oscillator is written D“‘(To + Tj,)D, the condition of periodicity 


D-‘T»(T„ + TJT|;T«TS>'+iTbD r“ = 'J" 

I loJ lo 
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By rewriting this equation as 

T„'’+^^D->T^DT«(T„ + T„)TjiD->TBDT„(-+H)D = D ('jfj (88b) 
and again as 




T,iN/2)~p~y,Q-ij^Qj^u^w D 




(88c) 


the problem assumes a more symmetrical form. 

If it be assumed that the coupling does not link the antisymmetric 
modes and that the load admittance is shunted across the output reso¬ 
nator in the median plane, the form of T,, may be calculated. It is 


1 2 

sec^2 

T„ = - ^ jK. sin 26, 

1 - ^ tan 2 - 


1 0 tan ^ 0 


0 0 
1 0 
0 0 


0 0 
ctn 0 
0 0 


(89) 


The problem is considerably simplilied if the second and third rows and 
columns of all the matrices are both interchanged. This brings the T q 
matrices to the form 


T* = 

' 0 


cos 01 sin 01 0 0 

— sin 0 ] cos 01 0 0 

0 0 cos 02 sin 02 

0 0 — sin 02 cos 02 


Toi O 

0 To2 


(90) 


The load matrix Ty takes the form 


T* = - Y'K. sin 26. 


1 tan ~ 0 0 


ctn 

0 

0 


1 0 0 

0 0 0 
0 0 0 


where 


r = 


1 IT 2 

4^®"" 2 
/ KrY. Br' 

1 ___tan2 


Li O 
O 0 ’ 


( 91 ) 


The break matrix D~^T«D becomes 
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(D->TaD)* 


X ctn B, 
2K. 


i 1^1 

tan- 

0 

0 


0 

0 

0 

0 


tan ~ 0 

0 0 
— tan 0 
0 0 


(92) 


The form of the load matrix shows that it does not couple the m 2 set 
of modes; the strap-break matrix, on the other hand, has off-diagonal 
terms leading to a mixing of the mi- and m 2 -modes. 

The final result for the perturbation of the modes when X —> 00 is 
contained in the equation 


0:13:2 ■ 


2jYKj, sin 0 , 
sin <t>i 


xiy-i cos- ~ *= 1/1 ^ 


(93) 


where 


Xi 


4>2 

~2 




= sin cos (p -H ^ 02 cos (^ - P - ^ <l>i tan 

, . N4>2 { (N a . * 'll. 

+ sin - 2 “ cos I p -f 2 I 01 cos I ^ - P - '!>' tan 

. Ar 0 , / A /JV l\ ^ 02 

= - ^ ^ 2/ U ~ P “ 2) 2 


-|- sin 


sin {v + *1 «in (f - P - 0 0 i tan 

yi = cos cos Ip + - 2 -I 02 cos I 2 ~ ^ ~ 2/ "2 


X02 I 
-|- COS cos I 

2 


and 


3/2 = cos 


, l\ . /X l\ ^ ^ 02 

^ «in [P + 2)1>^ «•“ V 2 “ “ 2 ) T 

1V02 . / , iN . /A/ l\ , 0, 

sin [p + 2 ^ 01 sm - p - -j 0 . tan -■ 


+ COS 


It may be noted that this is the equation which would determine the 
mode spectrum in a single-cavity, tunable tube with strap breaks. 

The loading can now be found by forming dY/du from Eq. (93) and 
putting F = 0 . The result is 



Sec. 4-81 EFFECTS CAUSED BY VARIOUS TYPES OF TUNING 


157 


dV ^ 1 

dci> jK, sin 9, 

d 

dcj 


. , fN l\ 

sin 01 cos I ^ “ P - 2/ 


• ^ ~ 9 . 
sin 01 


■- jctn 01 l^tan (^p + 0 0 i + tan (^ - P - ^ 0 .] 

ctn 02 j^tan + 2^ 02 + tan ^-2 ~ P ~ 2) '^^jj 


or 


ay^ 


1 


. . . /iv l\ 

sin 01 sin I ^ - 2/ 


r — q 

f os 01 


dui jKs sin ds 

^ [ ctn 0. [ctn (p + 0 01 + ctn (f - 7^ - 0 0.] 


+ ctn 02 ctn ^p + 2 ^ 02 + ctn ^ ^ — V — ^ <t >2 | • (94/i) 


The variation in the loading of the two sets of modes as the output 
position is changed is described by the terms l/[sin2 (r — g/2)0i] and 
l/[eos- (r — (7/2)01] and is readily calculated, since 0i is known. It will 
be noted that the loading for each mode is the sum of terms pertaining 
to the symmetric and to the antisymmetric components. 

4-B. Effects Caused by Various Types of Tuning. —The properties of 
tunalile tubes discussed in this section are those directly connected with 
the resonant system. The general principles and methods of mechanical 
and electronic tuning are given in Chaps. 14 and 15 . 

Single-cavity Tuner .—In single-cavity tuning a variable reactive 
element is connected into a single resonator section, thereby changing 
the frequency of the ivhole system. The reactance is generally introduced 
in such a manner that the antisymmetric modes are not coupled, and 
they are, therefore, untuned. Similarly, the tuning element will not 
affect those components of the doublet modes (m 0) which do not 
couple with the perturbed cavity. The addition of strap breaks, how¬ 
ever, will cause all modes to be coupled to some extent. For simplicity, 
this discussion will be limited to the case without strap breaks. The 
equations determining the new frequencies have been given in Sec. 4 - 6 . 
They are 

K F 

cos 0 = cos 29, -sin 29,, 

Z sin 0 = K, sin 29„ 


(43) 

( 44 ) 
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and 


tan + \ = 0. 


Combining the last two equations gives 


2 sin tan - — 


(47b) 


( 95 ) 


The tuner reactance transformed to the end of the resonator slots is 
represented, as before, by Fiun«. Cos 0 is already known as a func¬ 
tion of X, so that the right-hand side of Eq. ( 95 ) may be plotted as a 



6.0 7.0 8.0 9.0 10.0 

\ in cm 

Fiu. 4-17.—SinglD-cttvity tuning curves [spb Eq. (95)]. 

function of X. Figure 4 T 7 shows the form of this function in a particular 
case. Because sin 20 * and cos 0 are well-behaved functions of X in 
the range considered, the function always consists of a series of branches 
running between the poles of tan N(t >/2 or 0 = [ 2 Tr{rr^ + ^)]/N. The 
dependence of Ftuncr upon X cannot be specified, of course, until the form 
of the tuning reactance is known. In general, — Ftuner will be an 
increasing function of X with no poles in the tuning range. The inter¬ 
sections of — Ftunor and F{\) now give the new frequencies. As the curve 
for — Ttuner movcs up and down because of the variation in the tuning 
reactance, it can be seen that all the modes that are coupled change 
wavelength in the same sense. No matter how much susceptance is 
coupled in, the mth mode, originally at 0 = 2 rmr/Ny cannot move beyond 
[(2m ± l)7r]/iV’. There is, therefore, no crossing of the modes. The main 
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difficulties in the single-cavity tuning schemes arise from the pattern 
distortion in the 7r-mode. Equation ( 55 ) showed that the pattern dis¬ 
tortion in a tube with a given number of oscillators is a function of 0 only. 
Distortion, then, is minimized by making the change in 0 over the tuning 
range as small as possible; this, it may be recalled, is the condition for 
large mode separation. 

The loading of a single-cavity tunable tube can be treated as before 
by considering the insertion of a shunt clement into the output 

oscillator. If the number of oscillators between the tuner and the output 
is (p — 1), the periodicity condition is 



This is found to lead to 

2 sin N<t> 0 „ tan ~ I't) 

- - 1 1 . ( 97 ) 

Sin A '0 — ZYt sin ptf) sin 70 

Thus, the characteristic admittance, Yr = —iX( 3 yi„a,i/ 3 X), 



The value of Y, thus varies with the relative position of the tuner and 
output as sec^ [{N/ 2 ) — p]0. The variation over the tuning range does 
not lend itself to expression in a simpler form. It should be noted that 
if the Yr defined here were used to calculate Q values, the resistive loads 
would also have to be transformed to the top of the resonator slots. 

To avoid the pattern distortion arising from tuning a single cavity, 
a number of schemes have been devised that act more or less sym¬ 
metrically on all the cavities. 

Multicavity Strap Tunrr .—In this form of tuning a grooved ring, 
mounted at one end of the tube and having its axis coinciding with 
that of the tube, is moved up and down with respect to the strap system. 
The grooves are arranged so that the tuner can appreciably penetrate 
the strap system Avithout directly contacting it (see Fig. 4 T 8 ). The 
other end of the tube is strapped conventionally. For the folloAving 
mathematical treatment, it is supposed that there are no strap breaks, 
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although, in practice, they would be used. The model used differs from 
that of the ordinary double-strapped tube only in that the strap imped¬ 
ances are taken to be different and written K»i and where one 
impedance is fixed and the other variaVde. The effective strap lengths 


Grooved ring 



are assumed equal. The strap or coupling matrix is then 

cos <t>s 0 jK .,1 sin 0 

0 cos 0 jKg 2 sin 

jMsi sin 0 cos tf), 0 

0 jMs 2 sin 0 cos 

The (u-v)-matrix is now found to be 


(99) 


cos 2i/), + ctn Br sin 2(t>s 


K 

— -- Mr CSC Or sin 

Mr CSC Br sin 20« cos 20« + —ctn Br sin 2t/), 


and the secular c(iuation 


( 100 ) 


^cos 20« -|- ctn Br sin 20., — cos 0„^^ ^cos 20« 

+ —f'tn Br sin 20« - cos 0„,^ = KnK ,2 esc Br sin 20^^ ■ (101) 

If K,i/2ZrQ = ki and K^^I^Zro = A ’2 (using the same symbols as before), 


cos 08 = cos 


27 rs /X^ . . 27 r 5 T /fi + /r 2 , i Ztt/j /X^ 

T -\K' """" ^ L 2 - T Vxi; ■ ^ 

± V(*' t—j’ X +V?. ■' 


There are, as before, two sets of modes corresponding to the ambivalent 
sign; when ki = /r 2 , they reduce to the earlier mi and m 2 sets of modes. 
If the tube is short or the strapping light, if, in fact, 


( ki + k 2 \ 
\ki - A-z/ 


. , „ 27r/i 
sinh^ 

A 



(103) 
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the second term under the radical is negligible. The tube then behaves 
as a symmetrical tube with k = ki + kn. The behavior of the modes 
will then be as indicated in Fig. 4-9. At the opposite extreme, with a 
very heavily strapped or ver}- long tube, 


and 


ctnh 


2irh 



The term in brackets of Eq. (102) then becomes ki or A* 2 ; the two ends 
of the tube are effectively out of touch with each other, and the spectrum 
consists of the untuned modes as¬ 
sociated with one end and the 
tuned modes of the other end. 

Multicavity Segment Tuner .— 

It is also possible to tune by strap¬ 
ping the tube at only one end and 
then moving a flat ring up and 
down above the unstrapped ends 
of the segments. This arrange¬ 
ment, shown in Fig. 4-19a, intro¬ 
duces a new^ form of coupling. As 
represented in Fig. 419?), it may 
be seen that the ring coupling is 
effected by the capacitances of the 
segments to the ring and that the 
finite length of the ring section 
introduces some series inductance, 
segments form a transmission line of impedance Kt. For simplicity 
the length of one section is assumed to be equal to the strap length. 
This is not unreasonable, because the ring and the strap system are 
usually the same size. The arrangement of the sections then assumes the 
form shown in Fig. 4-20 in which the resonator is in series with the cou¬ 
pling network at the unstrapped, tuned end and is in shunt Avith the 
straps at the strapped end. The matrix for the resonator section now 
has a new form. If the 4-terminal network representing the resonator 
has the matrix 

a' V] 

c' a'J ’ 



—p^ tTB HR) 

R R R 


ib) 

FiQ. 4-19.—(a) ScliDmatic view of seg¬ 
ment tuner showing the tuning plate P over 
the anode block A] (&) equivalent circuit 
of segment tuner. 

It is assumed that the ring and the 


solution of the network ecpiations gives 
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0 0 

-1 0 




0 0 0 -Ij 

for the matrix of the center section. In this case 


i 

sec Or 
jMr tan Or 
0 


0 0 0 

-1 0 —jKr tan Or 

0 I see Oj 

0 0 -1 


(104) 


(105) 


The coupling matrix is exactly like that for the strap-tunable tube with 



Fio. 4-20.—A 4-terminal network representation of one setitioii of a BBKinent-tuiied 

magnetron. 


impedances Kg and Kt. The (u-v)-matrix for the whole section is now 

cos 2<t)s — iKgMr sin 20, tan Or — KMt sin- 0, sec Or 
cos'^ 0, sec Or — cos 20s + \KrM, sin 20, tan Or 

The determinantal equation [Eq. (15)] gives 

(cos 0m — COS 20, + iKgMr sin 20, tan 0r)(cos 0m + cos 20, 

- iMtKr sin 20, tan 0,) + sin^ 20. ser,^ 0, = 0. (107ii) 

4 



Using the notation /r, = 7v,/2Zro and kt = Kt/2Zro and substituting the 
usual values for Mr, Or, and 0„ Eq. (107a) may be put in the form 
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27r5\ 

cos + cos — 


sin 


2715 


ctnh 


27r/i 


h + 


vr- 


1 / 

1 cos \l/„i — cos 

\ 


tanh 


vxvx;-, - 1 

27r/i 


Sin 


2715 


h + 


4 - 


27r5 

1 cos \p„, — (!OS -- - 
\ 


S.- 


1 


Sin 


2715 


(1076) 


The behavior of this expression may be clarified in the following way: 
consider the case A**. = ^ when the tube is unstrapped. Then the term 
in brackets is unity; and for tubes that are not excessively long and that 
have short straps, 


The curves of 1/4/ct against are thus very nearly straight lines through 
(Xro,0), and their slopes vary as cos + cos 27is/Xro- Furthermore, for 
X very large the bracketed term tends to a constant value, and the values 
of 1 /4kt become asymptotic to 

l)(ros^„+l). 

The wavelength X„, of the modes varies, then, as 1/cos (}//„i/2). The 
71-mode has the smallest wavelength, and the wavelengths ascend in 
order of m. Thus, in the segment-tuned system the ring coupling is 
dominant and the mode order is that of an unstrapped system (see Chap. 
2). This result is not surprising, because the end-space and interaction- 
space coupling in the unstrapped system are weak forms of the same type 
of coupling that is provided by the ring. Returning to Eq. (1076), the 
denominator of the bracketed term does not vary much for values of X 
between Xro and 2Xro, say, and the expression 

I 2715 

cos + cos 
2715 

sin 

X 

is usually not zero in that region. Thus, the behavior of l/4/r« for /ct 
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very large is determined by the remaining factors 

1 ( 27r5 1 X u 

X + ^* VxT ■ ’ r 

Oin - ' ^ ro 


The term in parentheses in Eq. (109) is of the form of the function 
cos yj/jn — cos 0 for a strapped tube of length 2/i, the resonances being 
determined by the points for Avhich the function equals zero. Thus for 



B.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 


Fid. 4-21.—Values of l/kt plotted against \^/X^ro for the cases k, = ^, 1.5, and 0.B5. 



kt = ^ j the order of the modes is that of a strapped tube. In this type 
of tuner then, as ki is made sufficiently small, the modes will cross over 
completely and shift from the strapped order to the unstrapped order. 

A Bell Telephone Laboratories 30-cm magnetron uses this form of 
tuning. For this tube the values of 27rs/Xro and 27r/i/XrB are 0.473 and 
1.71. Figure 4-21 shows \/kt plotted against XV^5 b for the cases /fg = C30 ^ 
1.5, and 0.65. The inversion of mode order and consequent crossing is 
plainly in evidence. It is possible to compare the above analysis directly 
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with experiment, using the physical strap length for s, the wavelength 
of the TT-mode with the tuner retracted, and the slope of one of the 
unstrapped tuning curves in order to calculate the tube constants. 
Figure 4-22a and b shows the observed and calculated tuning curves for 
the unstrapped tube and for the normal tube. The agreement is good 
except for the (m = 3)-mode, which lies at the border of the theory. 
Experimentally, (m = 1)-, (m = 2)-, and (m = 3)-doublets are resolved 
by various asymmetries such as the cathode leads and the notches cut in 




l/fcf 

( 6 ) 


Fig. 4*22. —Calculated and observed tuning curves for an unstrapped, experimental 
30-ciii magnetron. TVie solid lines indicate calculated values; the broken lines, observed 
values. (a) The slope of the (m = 0)-curve is fitted to the experimental value at l/kt = 0; 
(b) (m = 0)-curve is fitted at \/kt = 0. (Courtesy of W. B. Hehv.nsirrii, BpU Telephone 
fjaboratories.) 


the tuner to clear them. These details were not included in the theo¬ 
retical analysis given here. 

Multicavity Inductance Tuner .—A third symmetrical tuning scheme 
is the “inductance” tuner which was developed by Columbia Radiation 
Laboratory for use in 3-cm tubes, because the use of strap and segment 
tuners was almost prohibited by difficulties with high voltages and small 
clearances. In the inductance tuner a scries of pins is mounted at right 
angles to a movable plate, the up-and-down motion of which causes each 
of the pins to penetrate (without contact) into the holes of a hole-and-slot 
resonant system. The 2J51 tube to which this method has been applied 
is a double-ring strapped tube, and the representative network of Fig. 
4-23 may be used to analyze its behavior. The effect of the pins has 
been represented by a division of the original unstrapped resonator into 
two lengths of line I and h — I having impedances Kt and Kr. The 
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electrical lengths will be called Bi and 02 - The matrix of the resonator 
section is now 

( cos 01 jKi sin 011 j cos 02 jKr sin 02 
jMt sin 01 cos 0ij [jMr sin 02 cos 02 
or 



( cos 01 cos 02 — KiMr sin 0i sin 02 jKr cos 0i sin 02 + jKi sin 0i cos 02 
jMt sin 01 cos 02 + jMr cos 0i sin 02 cos 0i cos 02 — KrMt sin 0i sin 02 

- (“ 2 )- 

Proceeding as before to evaluate the (u-v)-matrix for the section, this 



Fig. 4-23.—A 4-termiiial network representation of one ser-tion f)f an inductance tuner. 


matrix is notv found to be 

cos ^ ~ ^ X 

IK la ( 111 ) 

— 2 ~if 2 

Writing the determinantal equation and rearranging it gives 

, jK, . [a + d ± V(a - d)'^ + 1 

cos = cos 20«- - sin 24 >, - -- ■ 

The mode spectrum when the tuner is retracted is that of a strapped 
tube with resonator impedance Kr ] when the tuner is inserted to the full 
length of the anode the spectrum is that of a strapped tube with resonator 
impedance Kt. The mode order will be the same at both extremities and 
there will thus be no mode crossing. The spectrum is transformed con¬ 
tinuously as the tuner moves through the anode. 


CHAPTER 5 


OUTPUT CIRCUITS 

J3y L. R. Walker 

5-1. Introduction.—The preceding chapters have treated the resonant 
system of the magnetron in detail. It has been made clear that the 
electron stream interacts with the field of the resonant system and feeds 
power into it. This power is then utilized in two ways. One part, which 
is dissipated in the form of copper losses, serves to maintain high tields 
in the resonant system. As a consequence the resonant system stores 
considerable energy and acts as the main frequency-determining element 
in the magnetron. The residual power is fed to an external load, and 
the circuit coupling this power to the external load is referred to as 
the output circuit. Sucii a circuit may be considered as a 4-terminal 
transducer which transforms the load impedance to a new level within the 
tube. Broadly, the study of this transducer and its relationship to the 
resonant system forms the subject of this chapter. 

It is clear that in microw ave systems, in w^hich the dimensions of the 
elements are comparable to a w avelength, the physical separation of the 
resonant system and the output circuit must be arbitrary. There is a 
similar difficulty in distinguishing between them on the basis of electrical 
function. In an ideal situation the output circuit would store an amount 
of energy negligible in comparison ivith that in the resonant system, and 
it w-ould then be perfectly justifiable to consider the output circuit as 
frequency-insensitive in the neighborhood of any resonant frequency of 
the system. Magnetrons that have been developed thus far fall into 
two classes: (1) those Avith unstabilized outputs, in Avhich the conditions 
of the ideal case are approximately met, and (2) those with stabilized 
outputs, in which the output circuit is deliberately designed to store 
energy and may, indeed, store more energy than the resonant system. 
The stabilized output is discussed extensively in Chap. 16 and will not 
be treated here. In unstabilized outputs, the degree of departure from 
ideal frequency-insensitivity varies greatly between various types of 
output circuits, but, in general, the output circuit stores less than about 
25 per cent of the energy stored in the resonant system. It will thus be 
satisfactory to consider the properties of ideal frequency-insensitive 
output circuits as a guide to the behavior of real output circuits. Any 
specific case may then be examined for departure from ideal behavior. 
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0 (fl, 1 2 3 4 5 6 

I. l . .. J, J_L..,. , 1.__1 

Fig. 5'1.—Centcr-loDp coupling. 



0 in 1 2 3 4 5 

1—,-1___I-a—.--—) 

Fig. 5-2.—Halo-loop coupling. 

In practice a number of considerations impose restrictions upon the 
output circuit. The wavelength and pover level of the tube determine 
whether the external line will be waveguide or coaxial line. Construc¬ 
tional details of the anode block, such as its strapping and the geometry 




Shi. 5 ij 


INTRODUCTION 


169 


of the resonators, influence the form of coupling used between the 
resonant system and the output line. It is also clear that the output 



0 in l ? 3 4 5 6 

-1-1-1-1 .l.. ,.,n. —J 

III, Ti 8 — Sppiiipiit-fpd coupling. 


circuit must contain a vacuum seal and that, because some of the output 
will be air-filled, it must be designed to avoid high-voltage breakdown. 


Structurally, the main classifica¬ 
tion of output circuits is that into 
coaxial and waveguide types. The 
coaxial-output circuit consists of a 
length of coaxial line that varies in 
cross section, either through tapers 
or at discontinuities, and in vhich 
the central conductor is fed from the 
tube in a variety of ways. For ex¬ 
ample, in loop-coupling, the end of 
the central conductor is bent into a 
loop and attached to some point on 
the outer conductor. The loop is 
then placed where it will intercept 
the magnetic flux in one oscillator. 
Such loops have been introduced 
into the resonator in the median 
plane (center loop) as in Fig. 5T or 
have been placed immediately above 
the end of one resonator (halo loop) 



as in Fig. 5-2. In unstrapped tubes the center conductor has been run in 


above a segment and then attached to a point on one of the end faces of this 
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segment (segment-fed coupling); in this case, the center conductor 
may be considered to intercept flux passing between neighboring oscil¬ 
lators or to be fed by the voltage along the segment (see Fig. 5-3). In a 
somewhat similar type of feed applicable to strapped tubes, the Avhole 
coaxial line runs above a segment, and the inner conductor then attaches 
directly to a floating strap section (strap-fed coupling) as in Fig. 5-4. 

At the load side, the coaxial line output may feed either an external 
coaxial line or a waveguide. If the external line is coaxial, the cf)nnectiim 
may be directly mechanical or by means of choke joints. In the latter. 



Fiq. 5-5.—Waveguide output. 


the output circuit must include a satisfactory junction from coaxial 
line to waveguide line. The vacuum seal is generally incorporatetl in the 
coaxial line or in the waveguide feed, and the glass serves as a support for 
the inner conductor. 

Waveguide outputs consist of waveguide lines of variable cross 
section, which are fed either by opening directly into the bat'k of one 
resonator or by communicating with it by means of an iris. The cross 
section of the output is generally modified until it is equal to that of the 
external w^aveguide, and the vacuum seal then consists of an iris window' 
placed between choke joints in this guide (see Fig. 5 5). 
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In this chapter the discussion is confined mainly to an exposition of 
the role played by the output circuit in tube operation and of the con¬ 
cepts in terms of which its behavior is analyzed. The problems arising 
in the design of output circuits for specific purposes are treated exten¬ 
sively in Chap. 11. In general, the interesting properties of an output 
circuit cannot be accurately predicted by direct calculation, but some 
types of waveguide outputs, because of their geometrical simplicity, 
form an exception to this rule, and an outline of the methods available 
is given for this case. Many of the topics discussed are particular 
applications of more general material developed in other books, but 
the treatment in this chapter is adapted to the special needs of the 
magnetron problem. 

B'2. The 4-terininal Transducer.—In Chap. 4, it is shown (explicitly 
for strapped magnetrons, but the argument is easily extended to cover 
other cases) that provided the tube is oscillating in the 7 r-mode, the 
admittance of the resonator system measured at the junction of the 
resonator and the interaction space is the sum oi the admittances of 
the N individual resonators. The latter admittances are also measured at 
the slot openings, and the planes bisecting each segment are assumed 
to be open-circuited. In this case, the resonator s^^stem, as far as its 
total admittance at any resonator opening is concerned, may evidently 
be replaced by N circuits in parallel, each having the characteristics of an 
individual, isolated resonator. Because such a representation is valid 
in the vicinity of the 7r-mode only, the individual resonators must be 
treated as single shunt-resonant circuits described completely by a 
characteristic admittance Yt and a resonant frequency o^o. The admit¬ 
tance of a single resonator is then jFr(cj/coo — wo/w). For the 7r-mode, 
provided that the loading is not heavy enough to cause pattern distortion 
and a resultant variation among the slot voltages, the electronic loading 
will be the same at each resonator. The total electronic admittance will 
thus be N times that of an individual resonator. If the mode is other 
than a 7r-mode, an equivalent circuit admittance for the tube at any slot 
opening may still be defined, but it is no longer the sum of the individual 
values (see Chap. 4), and the variation among the slot voltages makes 
difficult the definition of an equivalent electronic admittance (see Chap. 
7). For simplicity, it will be assumed in the following sections that a 
TT-mode is being considered; the modifications necessary for other modes 
will be the replacement of NYr by the appropriate equivalent charac¬ 
teristic admittance of the resonator system. 

For the purposes of output-circuit analysis it will be convenient to 
make use of this representation of the resonator system and, simul¬ 
taneously, to transform the load admittance to the opening of the reso¬ 
nator into which it is coupled. The admittance of the coupled oscillator 
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and its load are calculated, and then the load admittance is found by 
subtracting the admittance of an unperturbed oscillator. Thus the 
output circuit considered as a transmission path extends from the opening 
of the coupled resonator to some plane in the external line which is 
drawn to include all the discontinuities of the output circuit; the stored 
energy of the output circuit, however, does not include that of the coupled 
resonator. As an example, if a waveguide output couples directly into 
the back of a resonator, the load impedance Z at the junction is effec¬ 
tively in series with jwL, the inductance of the resonator, and appears 
at the slot as an admittance l/(jcoL + Z). By restoring to the resonant 
system the unperturbed admittance \/jwL, the load admittance becomes 
— Z/jii}L{juL -j- Z); this clearly involves the properties of the resonator. 

It is now necessary to develop some properties of 4-terminal trans¬ 
ducers that will be useful in analyzing output systems. One representa¬ 
tion of a transducer is particularly helpful with the model being used. 
For any 4-terminal network 

Vn = Z22I2 Z21I1 ^ 

and / (1) 

V\ = Z 21/2 + Z\\Iij ) 

where Fz, I 2 and Fi, 7i are the voltages and currents on the right- and 
left-hand^ sides of the transducer respectively. Thus, if one writes 


Fs = Znh and h = FiF, 

where the arrow notation is used to denote the direction in which one 
is looking, there follows 


and 


Z2I2 — Z22I2 + ZziFiFi 


Fi = Z2J2 + ZiiFiFi. 

Eliminating Fi and 7 2 , 


(Z 2 - Z22)a - ZiiFi) = Zl,Y,, (2) 

or, because Yi = — Fi, 



^ In the following sections the subscript 1 will be used to distinguish quantities 
measured on the left-hand side of a transducer, and it AviJl further be assumed that 
this is the generator side. Similarly, the subscript 2 will distinguish quantities on 
the right-hand side, or load side, of the transducer. 



Sec. 5-2] THE ^-TERMINAL TRANSDUCER 

which may be written 

Z, = Z2 + ^ -, 
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(3) 


where Z 2 , V 1 , and n are independent of Z 2 and Yi and characterize com¬ 
pletely the transformer properties of the network. Because 


Z 2 = —Z 2 and Fi = — Fi, 

F, = F, + — 

Z 2 + Z 2 


(4) 


Yi 

o- 






^2 

-O 


Fi u. 


5-6.—Schcmatir; repi'cspniatiDii of 
4-tLM‘iniiiiil traiisduri^r. 


the transducer may be represented by the network of Fig. 5-6 where 
Z 2 , Fi, and n are complex; for lossless networks Z 2 and Fi will be imagi¬ 
nary and n real; for networks that 
are slightly lossy, the real parts of 
Z 2 and F 1 and the complex part of 
n will be small. The three quanti¬ 
ties are, in general, functions of fre¬ 
quency; the assumption of the 
“ideaF’ output is that they are 
frequency-independent. 

It is also useful to have a representation that puts in evidence the 
relation between the reflection coefficients measured in transmission lines 
of characteristic impedances Ki and K 2 attached to the left- and right- 
hand sides of the transducer (see Fig. 5-7). Such a representation forms 
the basis for most measurements on microwave transducer properties. 
By employing the usual definition of voltage reflection coefficient one 
may Avrite 

fz _ IV 4 “1” ^2 

^2 — -. 


and 


9^2 


V - i 1 - 


1 + ?i 

where qi and gz are the reflection coefficients looking to the right along 

each line. Substituting in Eq. (2) and using Zz = — Zz, one obtains, 
after division by 

— gi ' ^1 - gz ' 


(5) 
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Equation (5) implies a relation of the type 


1 + ci?i + ^2^2 + dqiq^ — 0. 


If we now write 


C2 = 


Cl =- d = — 

b ' 


( 6 ) 


as is always permissible, Eq. (6) becomes 

b + c “-92 
1 + 


(7) 


This representation is of particular value Avhen the transformer is lossless. 
In this case, Zn, Z 21 , and Z 22 aJ’o all imaginary, and an examination of 

_ Eqs. (5) and (6) shows that ai, a ‘2 

-o- 


Generator 

side 


^2 


Load 

side 


are now imaginary and /; is real. 
This result might have been ob¬ 
tained in another way. Equation 
(5) indicates that the relation be¬ 
tween Qi and 172 is a bilinear one. 
Because |f/| < I for a passive load 
and If/l = 1 for a purely reactive 
load, a lossless transducer must transform the circle \q\ = 1 into itself and 
the interior |g| < 1 also into itself. Bilinear transformations with this 
property are known to be of the form’ 


Fio. 5'7.—Schematic representation of a 
4-terminal transducer in teriiiH of reflection 
coefficients. 


q^ = 


<9 + ^ 

1 + 


( 8 ) 


where on, ^ 2 , and are real. 

Because of the frequent necessity for transforming through a given 
transducer in either direction it is useful to have the left-to-right analogue 
of Eq. (8). Using the system of notation shown in Fig. 5-7, one writes 
by analogy with Eq. (8) 


52 = e-'“j 


P' + 5iC J°i 
I + /3'5ie'“i 


(9) 


Using the relation that is inherent in the definition of q 

^ A straightforward account of the bilinear or Mbbius transformation, which is 
the simplest of all conformal transformations, is given in C. Carathf‘odory, Conformal 
Representation, Cambridge, Ijondon, 1932. Since all impedance and reflection trans¬ 
formations belong to this class, a knowledge of its properties is A^ery illuminating. 
Equation (8) is derived from ibid., p. 17, by multiplying his equation by and 

writing zd = — e~'“ 2 . 
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one may show 


?? = 1, 

0 ' = / 3 , 


ai + Q(i = IT, 


( 10 ) 

(lla) 

(llb) 


0L2 OLl = TT. 


(11c) 


Because = (0', the prime may be dropped. Equations (8) and (9), 
of course, embody the same physical proi)erties. It should be noticed 
tliat jS, Oil, and a-i are dependent upon Ki and X 2 as Avell as the internal 
properties of the transducer. A physical realization of Eq. (8) or (9) 
may be found by writing it as three equations. Thus, 




72 = 



ri 2 o) 

and 

^ T (/ 2 

Q 2 — 

or 

1 + 9 " ^ 1 

(1 

(12b) 

and 

1 + M 2 

7i = 

1 

' '' 1 - s'. 

(12c) 

The transformation embodied in 1 

Rq. (12a) if 

^ that due to an 

electrical 


length 0:2 of line of (characteristic impedance K 2 . Etpiation (126) repre- 



Fifi. 5-S.— Eijuivalent ciri*uit i)f a 4-tiMniiiial tranwilimer. 


sents passage through an ideal transformer, as may be seen by intro¬ 
ducing Z 2 and Z 2 , the impedances corresponding to q'o and q'^. Then, 
from Eq. (126) 


K, 




(12d) 


The turns ratio of the ideal transformer is Finally Eq. 

(12c) indicates a further passage down a line of characteristic impedance 

Ki and electrical length — ai. Thus, the circuit of Fig. 5-8 represents 
the whole transducer connected to lines of impedance Ki and K 2 . 

The geometrical significance of Eq. (8) is shown in Fig. 5*9, which 
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represents the motion of two given points in the Q^ 2 -plane under the three 
stages of the transformation. The first and last transformations cor¬ 
respond to rotation through angles 0 L 2 and —on respectively. The 
passage through an ideal transformer is a transformation that leaves 





Fiu. 5-9.—Aualyaia of thu aptinn of a goiicral 4-lprniiiinJ roflpc.tiim-fUBffi['iRnt traiiaduptir 
into three elementary Dpcratiiiiia. Transformationa («) to {b) and (c) to [d) eoireapond 

to rotation through angles at 2 and —ori rcapi^i-tively. The traiiaforinntion (f/) to (p) may be 
termed a coinprcasion and refers to the transformation through the ideal transforinei'. 


Arg[(l + (72')/(1 - q'l)] = Arg[(l + - ry'o)] according to Eq. (12?^). 

But Arg[(l + g)/(l — q)] = constant is the equation of a circle through 
the points +1 and —1; such circles are thus transformed into them¬ 
selves. Points lying on a common circle orthogonal to those which pass 
through +1 and —1 still lie on such a circle after transformation, since 
the transformation is conformal. This type of transformation may be 
referred to as a compression. It is important to note that it is only at 
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this stage that the size of figures and the magnitude of reflection coeffi¬ 
cients are changed. Tlie parameter A = (1 + i9)/(l — which may 
be called the principal transformer constant, mainly determines the 

properties of the transducer. One may note that gi(0) = and 

72 ( 0 ) = jSc are the reflection coefficients looking into each side of the 
transducer when the remote side is matched. Since these points must 
fall within \q\ = 1, then 0 ^ i9 g 1 and 1 ^ A. 

The transducer constants could (‘learly be found by measuring g'i(O) 

and (? 2 ( 0 ), but it is often difficult to match each of the lines, and anf)ther 

method is preferable. Suppose that (j 2 is set up by a reactive load; then 

r /2 is of th(^ form where 02 is real. Since the transducer is 

lossless, one must have gi = Putting these values in Eq. (8) and 

reducing one finds 


tan 


+ Oil 


= A tan 


02 + Oi2 


(13) 


Practically, 0i (or 02 ) may be found as a function of 02 (or 0i) by moving 
a shorting plunger along one line and measuring the position of the asso¬ 
ciated short circuit in the other line. If 0i (or 02 ) be plotted against 
02 (or 0i), an S-shaped curve symmetrical about the line 


01 “f~ — 02 + Ck:2 

is obtained, repeating itself as both 0i and 02 increase by 27r (see Fig. 
5-10). From Eq. (13) one has 


01 + ay f/0j ., 02 + 0:2 

2 r/tf,. = 2 


rf01 

d 02 


A sec- 


02 0:2 


= A - 


A(A'^ - 1 ) 


(14) 


1 + t an 


02 + a'2 


A“ -|- ia)t- 


+ af 2 


From Eq. (14) it follows that d 0 i/f /02 ^ A, the equality occurring at 

02 + ^2 = 01 + ai = 0. Similarly, d 02 /d 0 i ^ A, and equality occurs 

at 02 + = 01 + ai = TT. Thus, the transducer parameters may be 

found from the maximum slope of a 0 i vs. 02 or 02 vs. 0 i plot and the 
location of the point at which the maximum slope occurs. 
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6'3. The Q-circle and the Rieke Diagram.—This section will be con¬ 
cerned with the behavior of a resonant system that is connected to an 
external load by means of an ideal frequency-insensitive output circuit. 
The results that are derived may be applied to real output circuits 
provided the assumption of frequency-insensitivity is not seriously 
violated. It will not be assumed that the output circuit is lossless. 



Fiq. 5-10.—Reproseiitiitive iLS-Kurvi* 
for the C!Dmpiitatii)n of the tranaduiMM- 
parametGrs. 


called “tube” and “lead” losses 


Making use of the representation in 
which the resonant system and load are 
shunted across a resonator opening 
and also of the representation of the 
output transducer shown in Fig. 5 6; 
one has the over-all transducer of Fig. 

5T1, where the Yi and Z 2 retain their 
previous meaning. As a consequence 
of the physical overlapping of the 
resonant system and the output circuit, 
it is not possible, in the absence of 
independent measurements of lead 
loss made on the isolable part of the 
outpfit circuit, to separate the so- 
Thus, the model uses a lossless shunt 


circuit for the resonant system and incorporates th(^ losses of the latter 


with those of the shunt element Yi of the output cinaiit. 



It will l)e supposed that the load impedance Z 2 and its reflection 
coefficient q 2 are set up in a line of characteristic impedance K. A rela¬ 
tion will first be derived betAveen Fi(0), the admittance looking into the 
resonant system in the direction of power flow, when the external line 

is matched, and the reflection coefficient looking from the terminals 
CD of the transducer into the “cold” tube which contains no electrons. 
Writing ^'Fo = jNYr{^/o}[\ — ojn/w) for the admittance of the resonant 
system, one has 

= jFo + Fi + 


(15) 
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and 


Zr = K —= Z 2 + 


1 - Qr 


jYo + Fi 


(le) 


Eliminating the frequeney-dependent term jFo + Fi between Eqs. (15) 
and (16) gives 


^ - 1 + 
K ^ 


K - 5' = F, + 

1 -V 

vP-i'K 




Qr = 


z. 


: + 1 + 


Fi(0)_- n^/iZ, + K) 

nVE 


y.(0) - nyiZ, + K) 


(I-0 ?■(") +1 (‘ - It-*) 

71^ 


(| + i)r,( 0 ) + ^(i-|±|) 


Zj - K 2Kn- 1 

Z2 + A' + A )2 


= 111 + _, ’ 
F.(0) 

where 


and 


F,(0) 


- Z^- K 

Z 2 + K 


^ ^ {Z7+ Ky 


(17) 


(18a) 


(185) 


J5ut if the transformer be fretnieney insensitive, Fi(0) is of the form 

?,(0) . Ju(y. + + iln, (y, + x) + {i - f) 


^^i(0) = Gl jBl -\-j2NYr 


bu 

£1)0 


Avhere Sw = (w — wo) « ti^o. (19) 


Thus, yi(0) is represented in the complex plane by a straight line of 
the form Gj, + It will be supposed that the assumptions of 

' Tt may he noted that the frequency shift due to the load is given by 


(5u,)i = - (sIf,) 
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frequency-insensitivity and freedom from excra modes in the resonant 
system hold good over a frequency range sufficient to make i^(w) » (h- 

Substantially then, B{u)) runs from — to + «=. Then [f i(0)]~‘ is a 

circle of center \/2(jl and radius 1/2(7/.; and from Eq. (17), is repre- 

i — 

seiited by a circle of center gu + (A/2Gl) and radius 1.4|/2GT. It has 
l)een proved, therefore, that the locus of input reflectitm coefficients for 
the “cold” tube, as a function of frequency, is a circle. This is known 
as the Q-circle. 

From the definition of loaded Q as Ql one has 


4'hus, 


or 


Q. = 


NYr 

Gj/ 


Fi(0) = G, + jB, + iNY 


25io 


con 


\ Wn / 


= Gl 1 1 + IQl -[5ci 3 — (5co);] 

COO 


2Q,. = tan Avk FiiO) 

con 

= tan Arg ^ ^ ' 

7 - 


( 20 ) 


( 21 ) 

( 22 ) 

(28) 


making use of Eq. (17). Considering Fig. 512 which shows a possiV)le 

Q-circle and a series of observed points (7i(wi), Q^ 2 (w 2 ), etc., it is plain that 

Arg A/{q — go) is the angle between the line joining go to a point q on 

the circle and the diameter of the Q-circlc j)assiiig through ryo. Thus, if 
any line pp' is drawn normal to the diameter, the diameter and the line 

4~ 4— 

through q and go will intercept a segment on pp' proportional to tan 

Arg A/{q — go). From Eq. (23) the length of this segment varies linearly 
with 5co and, hence, with co. In practice, then, if the reflection coefficient 
has been measured at a series of frequencies and a Q-circle drawn through 

the points, the diameter through may be drawn and the series of the 
segments on a normal to the diameter measured as above. If the seg¬ 
ment length is then plotted against frequency, the slope of the resultant 
straight line leads, using Eq. (23), to a value for Ql. Strictly speaking. 
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the value of qjo is not observed, but it is usually satisfactory to use a value 
of w in the neighborhood of that for which \q\ is a minimum. As has 
been emphasized, this method of determining Ql is idealized, presupposing 
frequency insensitivity of the output circuit and the absence of secondary 

resonances in the resonant system. It will be possible to locate go, the 
off-resonance point, with a sufficient degree of accuracy provided that 
the assumed ideal conditions hold over a frequency range sufficient to 


make (ii3n/2Qj,). Provided that go has been located 

correctly, the method is useful be¬ 
cause it utilizes all the points 
measured and, by means of the 
linearity of the intercept-fre- 
quenc.y plot, tests their internal 
consistency. 

Once the Q-circle has been de- 
i ermiiied, it may be used to deduce 
a number of properties of the Avhole 
system. The circuit efficiency at 
match, defined as the ratio of 
power delivered to the load to tln4 
f (‘(1 into the system at the resonator 
opcniings, may be shown to be given by the l adius of the Q-circle. Thus 
in Fig. 511, if V j is the voltage across Aand lo the current through CD, 
then 



|Fi| = 


KL, + Z,/2 


K -h Zo 

n 


n 


|/.|- 


(24) 


]?ut thp input power is Gi\Vi\-, and the power to the load, so 

that the cireuit efficiency at match or 7;c(0) is 


vM 


^ K\h\^ 
= 1^1 


K_ ji 

Gl ~K + Zj 


(25) 


It is customary to define a quantity Qe, the external Q, which is 2ir 
times the ratio of the energy stored in the system to the energy dissipated 
in the external load per cycle. In accord with this definition, at match. 


Qe 


Qz,(0) 

^r(O) ’ 


(26) 


where Qt(0) has been written rather than Ql to indicate a value measured 
at match. It is, of course, possible to define Ql values for any value of 


qf., the load reflection coefficient. Provided that the system has not 
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been pulled by the load from its unperturbed frequency, one has 


Ql(q'/.) _ Gl _ Gl (0) 

Similarly 

Ql(0) —(27) 
( 7 l (< 7 l ) 'nciqL) 


The behavior of Ql((7l) and as functions of qL are discussed below. 

The pulling figure of the operating magnetron may be defined as the 

maximum change in frequency of the system when qL is varied 

over all phases with \qL\ = qp. Since the pulling figure will depend upon 
the susceptance of the electron stream, it is necessary to make a simplify¬ 
ing assumption about the behavior of the latter in order to deduce the 
pulling figure from the Q-circle. Suppose that the electron admittance is 

Yt = G, + jBrj the load reflection coefficient is qr., and the load imped¬ 
ance consequently is 7\[(1 + r/A)/(l — r//.)]; then 


0 = G„ + jB,. + j2N\\ + y, + — —(28) 

Wo 

7, + A' 

I - l]L 

Making the substitutions 

+ ^■)V, _ 2AM 

-^2 — A n — .1 — -^ ; 

1 - go (I - go)'^ 

Eq. (28) becomes 

0 = (?,. + jB, + j2NY, + r. + — (21)) 

” 1 — g-D 1 — q/c/u 


Using the symbol D to denote the variation in a cpiantity as the phase of 
qL is varied, one has 


0 = D(G,- + jB,.) + j2NYr- D{b^) + D \ 

. Wo 


1 - qL 


(30) 


— qol — qLqnJ 


The assumption to be made about the electron admittance is that, for 
small changes, D(Be)/D{Ge) = tan a = a constant. Multiplying Eq. 
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(30) bv gives 

~ Ql 


0 = + 2jN — Z)(«£d)e->“ + 

CO.S a. too 


d(a^±z 

\l - 1 - 


qLq^/ 


[)r 


lluis, 


0 = 2iV cos —i.-” )■ 

\l — go 1 — qLqJ 

X i)max(6to) too 1 n 7 I 2G// 1 — qL 

r (qo) = -^^ 7 ^ sec a I-^-- 


277 


277 Q 


A — qo 1 ~ qLqo 


- sec a ^ j I Ae-^'“ qL 

Ql ““ y 2 GV. ^ ^ 

foseca-^ j /Ae~^'“ 1 \ 

I ; ' ’7 


183 


(31) 


(32) 


The bracketed expression is Ae-^^/2GL times the inverse of a circle of 

center —qo and radius I/I^lI = !/(??»• Considering the inversion of the 
two points on a diametc'r of this circle which passes through the origin, 
whicdi two points, thus, still lie at the extremities of a diameter after 
inversion, the new diameter of the inverted circle is seen to be 


Thus, 


and 


_ 1 

fjp^ - 

D^Jm 



1 


2?p’ _ 

2?p 

_ 1 

1 

+ I'/i'l 


' - ifz»r’ 1 - 

- 9'»l(?ol^ 

/A (->“ 

1 \ 

\A\ 

1 

to 

• 

1 

2)7r(0)g'ji 

1 2G, 

- 9o I 

2GT 

1 - 9’?.l?nC 

1 - ?»l?nP 

\ 

Ql / 





,, 1 / ^ /i)’)r(O) sec a 2i/p 

^ (Sj>J ~ Q, — 

Jw sec Of 


Qe 


1 - ffpleol' 


(33) 


(34) 


The value of F(qp) is seen to be determined from the Q-circle save for 
the term sec a, which is of electronic origin. The expression found by 
setting a = 0 is known as the "cold” pulling figure and represents the 
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effect of the oscillating and output circuits upon the total pulling figure. 
The pulling figure ordinarily used to describe magnetron performance 
specifies a value of qp of 0.2. 

The unloaded Q, Qy has not been mentioned thus far. In normal 
usage, this is a loose term intended to describe the tube losses. Because 
of the difficulty of separating the tube and lead losses there is some 
ambiguity in defining the unloaded Q. If the lead and tube losses are 
grouped together, then, with an obvious notation 


J. 

Ql 


Qe Qu 


Gl — Ge + Gy, 
or Qy 


Ql 

1 - ^.(0) 


(35) 


Alternatively, the lead losses may be separated as far as possible by 
defining Qy as 27r times the ratit) of stored energy to the energy loss per 
cycle in the tube and lead when the latter is minimized with respect to 
variations in the external load. The result derived in this way is 


Ql 


1 ^ 1 


1 _ (go^) 

2 -. 


L 1 “ l?o 


(36) 


where (qoA) is the scalar product of go and A. The expression may be 
evaluated from the Q-circle if necessary. 

The Rieke Diagram .—It has been explaineil in Chap. 1 that the Rieke 

diagram shows the power delivered to the load and the frefpicncy of 

— > 

the system as functions of the load reflection coefficient qL. The com¬ 
plete theory of the diagram is given in Chap. 7. It is nec(\ssary here to 
discuss only the relations between the Rieke diagram and the Q-circle. 
According to Eq. (29), 

-G. - jB. = ?!(?,.) = j2NYr - + Fi + (29) 

1 — go 1 — g/.go 

In Chap. 7 it is shoAvn that the electronic efficiency is a function of Ge 
only, provided that the patterns are not distorted by loading. This 
being the case, the contours of constant electronic efficiency, of constant 

power transfer by the electrons, of constant Ge = — Rc[Fi(gi,)], and of 

constant QL^qL) = NYr/GiiqL) are identical. In the F-plane, these 

contours are straight lines of the form Re(F) + jR — G jB, where B 


is variable. These lines must transform into circles in the g/, plane; 
and since each line contains the point at infinity, all the circles must 
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contain the transform of this point. From Eq. (29) the required trans¬ 
form is qL = 1/(Zd. Now, in determining the Q-circle, Y\= — Fi = 0, 
and thus (? = 0 for the Q-circle. But since (/(/ = 1, the circle in the 

r/-plane, corresponding to the Q-circle in the (/-plane, is the inverse of 
the former. Thus, the inverse of the Q-circle is one of the contours 
of constant Ql] namely, Ql = 0. The whole family of contours of 
constant Ql is evidently a family of nonintersecting circles passing 


through \/q\) and tangent at that point to the inverse of the Q-circle. 
Figure 5-13 shows the disposition of these circles. 

Without information from operating tubes about the variatiim of 
B, with Gr, one cannot deduce the frecjuenc'y contours. The assumj^tion 
used in deducing the pulling figure cannot be used because it is true only 
for small variations of Gc. If it were universally valid, the frequency 

contours would be a set of circles also passing through l/V/o, intersecting 
the Ql set at a fixed angle 7r/2 — a. 

In order to deduce electronic efiiciency as a function of load from the 
liieke diagram, it is necessary to find out how the circuit efTitiiency varies. 


Suppose that the load reflection coeiiicient is Ql] this may b(^ thought of 
as produced by a lossless transducer, and the presence of the latter will 


not affect the circuit efficiency. If qi, = such a transducer is 

represented from Eq. (8) by 


or, from Eqs. (9) and (11), 


I + k'-k/s 


f hc.'” - |i7;.| ^ _ __L ^ - k A 

1 — \qi\c‘’qi 1 ?£,| 1 — 


(37) 


(38) 


The radius of the Q-circle measured on the load side of the transducer 

gives the new circuit efficiency, t}c (ff^); but this Q-circle is the transform 
of the normal Q-circle by Eq. (38). If the Q-circle is written in the form, 


^0 + Vc (0)^^“^, the diameter of the corresponding q 2 circle is 

,,(o)(i - iV.k) 


Vc 


((/i) = 


11 - - vMW 


(39) 


and this equation shows the variation of circuit efficiency with qL. The 
contours of constant rj^(qL) may be found by writing Eq. (39) in the form 
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+ rl - v.ioy 

— 2ro cos + 

1 

' 

1 

i-H 



VciqL)] 


= n\iL\, e) = 0. (40) 

* It is always possible to find three real quantities qi, and X where q\ 
and q 2 are independent of 7?r(g/J such that 

\qLe^'^ - gil^ - X^-lg^c>« - = ^(|g^|, 0) = 0. (41) 

Equation (41) is the equation of a set of coaxal circles having the points 
gi and g 2 , lying on the common diameter of the Q- and unit-circles, as 

limit points. The set may be de¬ 
termined in practice by identify¬ 
ing two of its members, namely, 
the unit circle and the inverse of 
the Q-circle. The former corre¬ 
sponds to rjc = 0 (a reactive load), 
and the latter to t/c = — (for in 
this case Gl = 0 and power is being 
fed into the system). In Fig. 5T3 
some members of the coaxal set 
are shown to indicate their relation 
with the Q-circle and constant Qi. 
contours. The presence of lead 
loss causes the sets of constant -rjr. 
and constant Ql circles to have 
different common diameters. 
Thus, when there is lead loss, the 
contours of constant over-all efficiency and the contours of constant load 
power in the Rieke diagram will not be circles nor will they lie symmetri¬ 
cally about a common axis. It can also be seen that the contours of con¬ 
stant Q^iqL) = QL{qL)/vciqL) will not have a simple form. 

Finally, it is of some practical interest to deduce from a given Rieke 
diagram the effect of inserting a lossless ransducer between the tube and 
the load. The problem is to find the contour in the reflection plane into 

which the transducer converts the pulling circle Ig^l = g^ and from the 
given Rieke diagram to find the frequency range spanned by the contour. 

If the transducer is specified by the fact that it transforms gi = 0 into 

gz = g/., the equations of the transformed circle are quite involved. 
However, if only an estimate of the new pulling figure is required, the 
problem is simpler. For since any transformation has been shown to 



I'lii. 613.—C/Oiitours uf fouHttirit loaded Q 
and L^onstant liirfuit fflicipiu;y. Solid lines 
represent Ql and broken lines represent ric. 
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change the size of figures only in the compression” stage, the size 
of the pulling figure can be altered only at this stage. But the compres¬ 
sion transforms all circles through -j-l and —1 into themselves, so that 
if two circles are drawn through +1 and —1 to touch the pulling circle 

\q\ = qpj the transform of this circle will still touch the pair of circles 
after compression. Thus, the size of the new pulling circle is fixed as a 
function of its radial position (see Fig. 5T4). To a first approximation, 
it may be assumed that the trans¬ 
form of the center of the original 
—> 

pulling circle (q = 0) the center 

of the new pulling circle (q = qi.) 

and, since qL is known, the size of the 
new pulling circle is known. 

5-4. General Considerations Con¬ 
cerning the Output Circuit Prob¬ 
lem.—In the last two sections the 
chief concepts used in describing 
output circuit behavior have been 
introduced, and the performance of Ti-^nsfonnation of the pulling 

a resonator system connected to a 

load has been interpreted using the device of an ideal output circuit. It 
has been shown that most of the quantities involved in the relations 
between tube and load may be deduced from the Q-circle and the Rieke 
diagram. The quantity Yr which is needed for a complete analysis may 
be either calculated or obtained from Q measurements together with inde¬ 
pendent experiments on the output circuit. Thus, it is possible in some 
cases to measure directly the impedance level at the junction between out¬ 
put circuit and resonant system. As has been already indicated, the 
A^-curve technique (see Fig. 5T0) is of great value in these measurements 
on isolated output circuits. 

It is now desirable to discuss in a general way the functions of the 
output circuit in practice. The relationships among loaded Q, Q^, the 
pulling figure F(g'p), the equivalent admittance of the resonant system 
NYrj and the electronic efficiency ?/,, which are mentioned in Chap. 7, 
form the foundation for determining output circuit requirements. One 
has the relations 

Qi- = N^, (42a) 

(421.) 

Ql = 



(42c) 
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together with the empirical information that electronic efficiency is 
almost invariably an increasing function of Gl. In almost any use of the 
magnetron, a definite degree of frequency stability is desired in the tube 
itself. This means that an upper limit is set upon the pulling figure. A 
compromise must always be effected between this requirement which, 
from Eqs. (42a) to (42c), sets an upper bound upon Gl for a given tube 
and that which demands a high electronic efficiency or a high Gl- To 
some extent this dilemma may be resolved by redesigning the resonant 
system to increase which permits Gl to rise, while Ql remains con¬ 
stant and Qe and F{q^ also remain approximately constant. IloAvever, 
this solution eventually breaks down because the additional capacitance 
introduced to increase Yr lowers the circuit efficiency, and a point may 
be reached at which the over-all efficiency rjcrj,. starts to decrease. It is 
clear also that the prescribed pulling figure will be affected by the operat¬ 
ing wavelength. A constant pulling figure at all wavelengths would 
imply a Qe proportional to frequency and thus a much smaller Gl at 
short wavelengths. The values of pulling figures that have been accepted 
as suitable compromises in unstabilized tubes are 10 Mc/sec at 3000 
Mc/sec, 15 Mc/sec at 10,000 Mc/sec, and 30 Mc/sec at 30,000 Mc/sec. 
These figures correspond to Qe values of about 125, 280, and 420 and, 
using typical values of T?n(0), to Ql values of 110, 200, and 300. 

In different resonator systems, the admittance constant NYr might 
be expected to vary considerably, since it is given by NYr = N{hyi) + F«), 
where h is the anode height, i/o is the admittance of the unstrapped 
resonator per unit length, and F* is the strap admittance constant. The 
value of I/O is a function only of the shape of the oscillators. In practic.e 
the factors compensate to some extent. Rough ranges for the values of 
NYr taken from Table 10-2 {NYr = Yc) are 0.04 to 0.20 mho at 3000 
Mc/sec, 0.15 to 0.60 mho at 10,000 Mc/sec, and about 0.3 mho at 30,000 
Mc/sec. Using Eq. (42a), the resistance that must be shunted across 
the resonator opening to give the normal Ql values is found to be 500 
to 2500 ohms at 10 cm, 300 to 1300 ohms at 3 cm, and about 1000 ohms at 
1.25 cm. It is plain that for the types of magnetron which have been 
designed thus far, this resistance falls generally within a range of 300 to 
3000 ohms. It follows that the principal problem of output design is to 
supply this resistance by suitably connecting the resonant system to a 
matched load line whose impedance in the case of coaxial line is of the 
order of 50 to 100 ohms and 200 to 400 ohms for waveguide. The 
impedance K will be used for waveguides, defined such that the power 
flowing in a matched line will be given by V'^/K, where V is the line 
voltage. 

The output circuit not only should produce the desired resistance at 
the assigned frequency but should do this without simultaneously 
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coupling in excessive reactance. The principal hazp.rd attached to 
coupling in large amounts of reactance lies in the possibility of pattern 
deformation. The susceptibility of a strapped system to pattern dis¬ 
tortion has been discussed in Chap. 4, where it is pointed out that to a 
first approximation distortion is produced to the same extent by either 
reactive or resistive loading. A criterion for pattern distortion is given 
by Kq. (57) of (4iap. 4, in which it is shown that the amplitude am of the 
wth mode excited when a 7r-mode is loaded is given by 

I n I T^loadA- ff sN V. .. / 1 o \ 

K ^ ^ 

where s is the strap length, the 7r-mode wavelength, Kg the strap 
impedance, and yi„a,i the load admittance at the slots. The symbol 
m is etiual to (M/2) — n, where 2n is the number of nodes in the r-f pattern 
around the interaction space. Equation (43) may be used to estimate 
the permissible value of Ki„a,i. It will be noted that the latter depends 
upon the strength of coupling between oscillators and not iinitiuely 
upon Qf.. In most strapped systems it appears that dist[)rtion does not 
betjome serious until Ql is perhaps about 30. The normal operating 
Ql will be many times greater than this, and it is thus clear that the 
coupled reactance may be at least as large as the coupled resistanc'.e 
without causing difficulty. 

It has alrtxafly been emphasized that usually output circuits which are 
not deliberately stabilized store a relatively small amount of energy 
compared Avith that in the resonant system and that consetjuently they 
may be considered as freaiuency-insensitive over a frequency range of a 
fcAv times con/Qi, aaIici'c wo is the resonant fniquency. It is generally 
considered desirable, even in fixed-frequency magnetrons, that the output 
circuit should (exhibit considerable frequency insensitivity over a band of 
perhaps 20 to 30 per cent above the 7r-modc frequency. In this connec¬ 
tion frequency insensitivity implies simply that the transformer properties 
of the output circuit should l)c slowly varying functions of frequency. 
This requirement of broadbandedness guarantees that the mode immedi¬ 
ately beloAV the 7 r-mode in wavelength Avill be loaded to an extent com¬ 
parable to the TT-modc, and it is an insurance against the possibility of an 
undesired mode being favored in the starting process because its r-f 
amplitude exceeds that of the 7 r-mode. In tunable magnetrons, the 
broadbanding of output circuits constitutes a special problem. In 
this instance the objective is usually to obtain a nearly constant pulling 
figure across the tuning band. From Eqs. (42a) to (42c) it is seen that 
this will, in general, require Gl to vary across the band which may perhaps 
have a Avidth of 20 per cent. The required variation of Gl will be of the 
same order. The problem thus reduces to the empirical one of arranging 
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matters so the slow change of the output circuit transformer constants 
shall be in the right sense to keep Gl at an appropriate value. In this 
task the use of measurements on the isolable part of the output circuits 
is indicated. 

One relation between the output system and resonator system which 
has been mentioned in Chap. 4 may be briefly referred to here. As the 
previous paragraph has indicated, it is of some importance to couple out 
all those modes which the electrons are likely to excite. For this reason, 
devices such as strap breaks have been introduced for the purpose of 
distorting the r-f patterns in such a way as to cause both components of 
an otherwise degenerate mode to couple to the output resonator. There 
is thus a problem, not specifically an output circuit problem, concerned 
with the relative disposition of discontinuities (strap breaks or tuners) 
and the output circuit. 

The fundamental problem of coupling the load line into the resonant 
system may be solved in an indefinite number of ways. A useful dis¬ 
tinction is that between high- and low-level impedance circuits. In 
the former the desired high impedance is introduced by the almost diretit 
shunting of the load line across the opening of a resonator. This type of 
coupling is achieved in the ''strap-fed’' coupling shown in Fig. 5-4, 
in which the inner conductor of the coaxial line is tied directly to the 
floating section of one strap. Thus, except for a slight transformer effect 
due to the line length of the strap, the coaxial line is shunted across the 
resonator opening. In a high-level output circuit the impedance trans¬ 
formation is confined to the external line and may be relatively small. 
In general, the transformation required will be to a higher-impedance 
level. At the opposite extreme lie the various types of low-impedance 
level circuits which include most of the familiar designs. In such cases 
the external part of the output circuit is introduced in series with an 
oscillator at a high current point. If the output impedance at this 
point be Z and the resonator inductance L, the shunt impedance added 
by the output at the slot is roughly qjJLVZ (for ^ Z). Thus, the 
resonator acts as a transformer to raise the low impedance Z to the 
requisite high level. The impedance Z may be introduced in a number 
of ways. In a waveguide output it may be a direct series element if the 
output communicates with the resonator by means of a slot in the back 
of the resonator. In a coaxial line the impedance Z may appear as a 
result of the mutual coupling between a single resonator and a loop 
connected to the output circuit. For these low-level output circuits 
the external part of the circuit must effect a substantial impedance 
transformation downwards. For, as has been shown, runs from 

300 to 3000 ohms, while wdL is of the order of tens of ohms; thus Z must 
be of the order of 1 ohm. Between these extreme types of output circuit 
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it is possible to imagine intermediate forms which have been little 
explored. The output impedance of such forms is introduced as a 
scries or as a shunt element at a position of intermediate voltage and 
current in the resonator. 

B-5. Coaxial-output Circuit.—The purpose of this section and of 
Sec. 5 6 is to discuss some particidar forms of output circuits in a general 
way. No attempt is made to give design formulas except in the case 
of one type of simple waveguide output. Methods of analysis for other 
types of circuits are indicated. 

Center- and Halo-loop Circuits ,—In these circuits, a loop intercepting 
the magnetic flux of one oscillator (see Figs. 5T and 5-2) feeds a coaxial 
line. The coaxial line contains a glass vacuum seal which also supports 
the inner conductor. To minimize breakdown across the glass, the glass 
usually takes the form of a length 
of tubing sealed to the inner con¬ 
ductor at one end and to the outer 
conductor at the other. The cross 
section of the line will usually have 
discontinuities at the seal, since 
the glass is butted against either a 
copper featheredge or a thin-walled 
Kovar cylinder. There is thus 
formed a section of line partially ExamplB of cDaxmi Dutput uhimI 

^ as an antenna feeri for a waveKUitlo. 

filled with coaxial dielectric. Con¬ 
nection to the external line is made either directly by mechanical contact 
and choke joints as in Fig. 51 or as an antenna feed for waveguide as in 
Fig. 5T5. The circuit of Fig. 5T6 represents the electric behavior. 

As has been already mentioned, this type of output circuit produces 
a low series impedance at CD in series with wdL, the inductance of one hole. 
The main part of the transformation is effec.ted by the loop. The 
external transformer” EFGH which contains the glass, seals, beads, 
choke joints, or coaxial-waveguide junctions performs a relatively small 
transformation. This condition is desirable because the standing wave 
in the relatively irregular, air-fdled line is thus kept at a minimum. It is 
rarely possible to calculate the impedance transformations in such a 
line with confidence, but they are easily found by measurements either 
on output circuits from which the tube and loop have been removed or 
on smaller sections of the output circuit. By empirical means or by 
calculations on the regular portions of the circuit, the required properties 
may be obtained by a process of correction. Usually an effort is made 
to keep the principal transformer constant at all sections as well as the 
over-all constant close to unity; this gives a section with low-energy 
storage everywhere and hence a low-frequency sensitivity. 
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To a rough approximation the loop and the hole act as the primary 
and secondary of a transformer, but the representation is not particularly 
valuable, since the estimation of the turns ratio is far from simple. This 
arises from the difficulty of calculating the effective loop area. A crude 
approximation uses the mean diameter of the loop to give the area, and 
this may be used to obtain a rough idea of the transformation properties 
of the loop if the coupled impedance is calculated from cogilf ^/jB, where M 
is the estimated mutual inductance of the loop and hole and R is the sum 
of the loop reactance and the impedance seen at AB. The transformer 
constant is clearly very dependent on the size of the loop and, in halo 
loops, also upon the height of the loop above the anode block, since the 
fields fall off rapidly in the end space. h]xperimentally it appears that 
the loop acts as a rather frequency-insensitive transformer. 

In order to avoid coupling-in much reactance, it is desirable to 
arrange the properties of the external transformer so that the loop 
reactance is effectively canceled by a residual reactance at AB. The 



Fiii. 5-10.—ScVicmatin network of a loop-roupled output. 

loop reactance may be considerable. It is accurate, in fair measure, to 
find the loop reactance for halo loops by assuming that the loop and its 
image in the anode block form a transmission line of length equal to the 
developed length of the loop. This length may approach a quarter 
wavelength for halo loops, leading to large reactances at AB. The 
estimation of reactive effects for center loops is difficult. However, if 
the loop transformer CDEF is represented by a network of the type of 
Fig. 5 6, the series element Z 2 may be found by transforming the off-reso¬ 
nance point of the Q-circle taken on the complete tul:)e, back through the 
transformer EFGH. Presumably Z 2 represents mainly the loop react¬ 
ance, and this may be balanced out by redesigning EFGII to produce the 
conjugate reactance at EF. The shunt element Yi of the transdiu'er 
can be found only by measuring the resonant frequency of the system 
with the output (including loop) removed and thus determining the 
pulling due to Fi directly.^ 

^ Fur an exhaustive discussion of a broadbanded halo-loop output having a wave¬ 
guide junction, see J. C. Slater, “Properties of the Coaxial-waveguidn Junction in the 
725A and 2J51 Output,” BTL Tech. Memorandum No. MM-44-180-4, Nov. 20, 1944; 
H. D. Hagstrum, “On the Output Circuit of the 2„ol (Tunable X-band Magnetron),” 
BTL Tech. Memorandum No. MM-44-140-i5.5, Sept. 12, 1944. 
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An effect that may be important in halo loops is that arising from 
the electrostatic coupling of the loop to the neighboring strap. The 
orientation of the loop determines whether this coupling aids or opposes 
the magnetic coupling because the direction of current in the loop is 
reversed by rotating the loop through 180°, whereas the electrostatic 
coupling remains unaffected. 

Stra'p-Jed Coupling Circuits .—This type of output circuit, in which an 
external coaxial line is connected across the anode block and the center 
of a floating strap, may be represented schematically by the circuit of 


Fig. 5T7. The resonant system has 
been represented by a chain of N 
4-terminal networks each consisting 
of two strap sections and a resonator 
sucdi as was used in Chap. 4. 
(Because the strap-fed coupling has 
longitudinal asymmetry, the length 
of the resonators a(;tLially has some 
efl’ect. This, however, will be 
ignored.) Suppose the impedance ^ 
of the output circuit looking out 
from CD to be Z. This may be 
transformed to a shunt element at 
AB i)rovided that the strap length 
is suiriciently small for the squares ^ 
and higher powers of 27r,'?/X^, where 
s is the strap length, to be neglected. 

To the same approximation Z is not 
altered in this transformation. Tt — 



External 

transformer 


has been showm experimentally that I' ja- 5 —Stiieirintic. imtwoik of a strap- 

there is almost no residual reactance 

added in making the junction between the strap and the coaxial line; 
hence Z will be the impedance at the start of the coaxial line. It has 
been remarked in the earlier discussion that Z Avill be a high impedance 
(300 to 3000 ohms, for example) and the function of the external trans¬ 
former will be in all probability, with standard load lines, to transform the 
impedance level up somewhat. It is clearly possible to achieve a very 
heavy loading with this circuit by making Z small, and it has thus found 
more extensive application as a means of introducing reactance for tuning 
purposes. Tuning curves obtained by moving a shorting plunger in a uni¬ 
form coaxial line connected directly to the strap have indicated that the 
circuit of Fig. 5T7 gives excellent qualitative agreement with the measure¬ 
ments. In one case, using a line of characteristic impedance of 63 ohms, 
the predicted and observed Ql values Avere 10.9 and 11.2, respectively. In 
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another case, with a line of characteristic impedance of 40.7 ohms, the 
predicted and observed Q/, values were 7.1 and 7.6. The end effect at the 
junction was confirmed to be negligible. This type of output circuit is 
most valuable in long-wavelength magnetrons where the end spares and 
straps are large enough to facilitate construction. 

Segment-fed Coupling. —The center conductor may be brought over a 
segment for some distance and then bent down and connected to it 
(see Fig. 5-4). The analysis would follow the same lines as that for the 
renter and halo loops, but it is somewhat more difficult to estimate the 
parameters of the loop transformer a priori, for one has an intimate 
mixture of electrostatic and magnetic coupling. 

6-6. Waveguide-output Circuits.—All waveguide outputs used up to 
the present time have coupled into the resonant system at the point of 
highest current. As a consequence, they must present at this point a 
low impedance (perhaps a few ohms or a fraction of an ohm) which is 
transformed by the coupled resonator to a high level at the slot opening. 
There are two principal means of developing the low impedance in series 
with the resonator. In one, the waveguide line opens directly into 
the back of one resonator and the impedance is transformed down from 
that of the external line by suitable changes in the cross section of the 
waveguide. In the other, the waveguide communicates with the reso¬ 
nator by means of a nonresonant iris, which shunts part of the high guide 
^ impedance. It is, of course, possible 

o w —^ "ffinnnP_ o - combine the two arrangements. 

I——*— It may be noted that since the anode 

JVC^ o (JV-i)L jBi —height and pole piece separation of 
I— I —? —J— most tubes is considerably less than 

B Da half wavelength and, hence, less 

Fiq. 518.—SRhematiR network of an than the cutoff dimension of rectan- 
iris-Goupicfi output. gular guide, some artifice is almost 

always necessary to effect a coupling between the short block and the 
wide guide. 

Iris Coupling. —Iris coupling has not been extensively used because 
it has the inherent disadvantage of pulling the tube frequency. The 
circuit may be rather crudely represented by the arrangement shown in 
Fig. 5T8 in which the iris is represented simply as a shunt susceptance 
jBi. It is likely that this is an oversimplification for an iris that is 
situated essentially between lines of unequal characteristic impedance. 
It will usually be the case that wdL ^ \l/Bi\ and Bi » G, where G is the 
load admittance in shunt with the iris. If this is so, the combination of 
iris and load gives an impedance in series with diJj of value 

UB, + (?) ~ {jb) + (f?)’ 


iris-GOuplcfi output. 
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jwuL + 
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jBi 



-4 _ ^ 

jujj £i)JL* \ jBl 


+ 





G 


Using the expressions already derived for Qe and for the frequency shift 
5cu, one finds 


5lj _ 1 Bj 
Wo 2Qe G 


(44) 


Since Bi has been supposed sul)stantially greater than G, the frequency 
shift may easily be excessive. It is possible to compensate for this 
coupled reactance in various ways. The coupled resonator may be made 
with a somewhat different inductance from the others, in such a way that 
the added reactance is balanced. Also by combining the iris coupling 
with suitable external transformers or Avith another iris Troin which the 
original iris is separated by a cavity, the frequency shift may be elimi¬ 
nated. These methods are of frequent application in stabilized output 
circuits and are discussed in Chaps. 11 and 16. 

Directly Coupled Waveguide Circuits. —The most common method 
of coupling a AAaveguide to the resonant system is to allow it to open 
directly into the latter and to use external transformers to obtain the 
correct impedance. The two most familiar ways of effecting the trans¬ 
formation are by the use of a (piarter-wavelength section of low-imped¬ 
ance guide or through tapered sections. The latter supplies a perfectly 
adequate means of arriving at a broadbanded transformer but is fre¬ 
quently mechanically difficult. The tapered section is designed to have 
its characteristic impedance change continuously and slowly (in terms 
of AA avelengths) from the high level of the external guide to the requiro^^l 
loAV level. Using Avell-known formulas for optimum frequency insensi¬ 
tivity in the taper excellent matches may be obtained. The process, 
hoAA^ever, entails the construction of a guide the cross section of which is 
varying in a rather involved AA^ay and, in addition, should be rather long 
for good results.^ 

The simplest transformer that can be used is a quarter-wavelength 
line the characteristic impedance of Avhich lies betAveen that of the external 
guide and the desired series impedance at the resonator. The trans¬ 
forming line may take a variety of forms, the choice being principally 
dictated by mechanical and dimensional considerations. In most cases 
it must be a so-called 'Tumped” line or one in AA^hich the capacitive and 
inductive parts of the guide are segregated to some extent. Such lines 
possess the property that their cutoff wavelength exceeds considerably 

1 SeeL. Tonks, GE Report No. 197, Mar. 23, 1943. 
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their “long'^ dimension, thus permitting access to a short tube. Another 
method of producing a high cutoff wavelength in a small space is to use a 
dielectric-filled guide. This technique has not been extensively used, 
but quartz-filled tapers have been utilized in one type of magnetron. 
When a guide of intermediate cross section is used, there will be trans¬ 
former effects at the interfaces between this guide and the external line 
and between the guide and the tube. Generally, then. Fig. 5T9 will be 
needed to represent the whole output circuit. It will be supposed 
that the effect of any discontinuities (iris window) beyond the trans¬ 
former are neglected and the external line terminated. 

Suppose that the transformer constants of the three sections (pro¬ 
ceeding from load to generator) are ^ 22 , (^ 12 ] 0, 0, tt; and aoi, j0i, «ii 

respectively. They might also be written 0 : 22 , P'lj 0; 0, 0, ai 2 + tt — a‘ 2 \] 



Fiq. 5-1 Da.—Equivalent rdrouit for quarter-wavelength foupliiig. 
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Fig. 6-19?).—lledueBd equivalent circuit for quarter-wavelength r nupling. 


and 0, jfli, 0, where an is ignored, since it is indistinguishable from the 
external line. Measurements on several such transformers have indicated 

that ^22 and cxin — are very small; this is equivalent to the statement 
that the end effects of the quarter-wavelength section are small. This 
observation has been made on output circuits in which the transformer 
cross section was such that the electric fields Avere largely confined to a 
region Avith a small dimension parallel to the /^'-vector. There Avas thus 
little interpenetration of the transformer and tube or external guide 

fields, with a consequent small end correction. Thus, ignoring a 22 , 

aiz — azi, the transformer becomes simply 0, P 2 P 1 , tt or, in other words, a 
quarter-wavelength transformer whose apparent characteristic impedance 
is not that of the physical guide Ki but K 2 , for example. The output 
circuit is thus modified as shown in Fig. 5T9&. 
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Let the load impedance be /Co, the equivalent characteristic impedance 
of the intermediate guide /Ci, the operating Avavelength X, the inter¬ 
mediate guide wavelength X^, and its cutoff wavelength Xr,,. Further 
suppose, now, that X is unrestricted, so that the intermediate guidt^ is not 
iie(iessarily exactly a quarter wavelength long. Suppcjse that its elec- 
tri[‘.al length is 0 = 27r//X„, where I is its physical length. One has 


Zi + Ki Ko + K\ 


(45) 


where Zy is the impedance seen at CD. For 0 = tt, Zy = K^/Ku. 
Differentiating logarithmically and setting X = Xn, the wavelength at 
which I = X^,/4, 


lx \Zi 


dZ 

dX 

dZy 

dX 


1 


1 


Ky Zy + K 

Z'f - Ki 

2Ky 


2tvI 




i ■ 2 tt1 ' 


/Zj) XJ 
Va'o,' ■ \l’ 


(46) 


where the relation = dX/X* has been used. 'J'ransforming the 

output impedance at the back of the resonator Zj to the resonator open¬ 
ing, one has for the additional admittance at the slot, 


Y.. = G, + jB,. = nZu 


when Yr « 1/Zi. Explicitly 


G. = Yip = YIZ,, 

A 0 


or since Kd » 




(47) 


(48) 


where 6ujy is the departure of the frequency from the resonant frequency 
of the transformer. Fsing the relation Qji = NYr/Gr, one has 


B 

This may be combined with the earlier expression Scol/wo = —BL/2NYr 
for the frequency shift due to reactive loading to find the resonant 
frequency of the system when the transformer is not exactly a quarter 
wavelength long. It is important to note that up to changes of the first 
order in frequency, the resistive part of Zy is constant. The changes in 
series n'actance will produce some effect on (7, by varying the total 
reactance in series with Rc(Zy). It is instructive to calculate the stored 
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energy in the output circuit. If, as has been tacitly assumed above, the 
junction transformers are frequency insensitive, the energy storage in 
the output may be compared with that of the resonant system by evaluat¬ 
ing the ratio [b)\s{dBr/db)^)yNYr = r. Using Eq. (49), there follows 



For a typical example with Qe = 400, A"d = 400, Yr = 0.025 mho, 
AT = 10, X„/Xd = 1.25, Eq. (50) gives r = 0.12. Equation (50) may 
easily be converted to other forms that put the dependence on other vari¬ 
ables in evidence. The energy storage in this type of output circuit may 
be relatively high as Eq. (50) indicates. 

The lines used for the quarter-waA^elength section are generally 
lumped,and some cross sections that have been used are shown in 



Fm. 5-20.—Example of “lumped” giiideH. 


Fig. 5-20. In all cases the guide is essentially divided into two regions, 
one of which is capacitive with high electric fields in a narrow crossbar 
and the other inductive with high currents flowing in a more or less 
cylindrical section. The cutoff wavelength of such a guide may plainly 
be higher than that of a rectangular one of the same witlth, since tlui 
capacitance has been increased in the center and the inductance at the 
outside. The problem of calculating the cutoff in these sections is 
exactly analogous to that arising in calculating resonant frequencies of 
unstrapped oscillators. Thus, in order to find the fundamental trans¬ 
verse electric mode, one needs a solution of 

= 0 with I- = 0 (51) 

on the walls of the guide,^ where d/dn denotes normal differentiation 
and X = Ztt/X. The fields are then given by = — dTEy = BT/dx^ 
and Hz = {\/jcy^T. Since the gap in the crossbar is iisually small 
compared with the length of the latter, it is possible to put = 0 and 
to suppose Ey independent of y in the capacitive part (see Fig. 5-21). 
If the dimensions of the cylinder are small compared AAuth X/27r, one 
may solve Laplace^s equation rather than Eq. (51) in this region and 
match the solutions at the. junction by equating T and dT/dn there. 

^ See S. A. Schelkunoflf, Electromagnetic Waves^ Van Noatraiid, New York, 1943, 
p. 380. 
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Calling To the solution of Laplace^s equation in the cylinder with 
dT\sl^n = 0, except at the junction, where = 1, one may obtain 

the equation for xd = 27r/Xo, where Xi, is the cutoff wavelength 


A tan xd 


-h Xn 

Xn 


I T„dS. 


(52) 


In Eq. (52), A is tlie area of the cylinder, I the length and d the width 
of the crossbar, and the integration is carried over the cylinder. If 
Xo^ is small, this gives 


x5 = 


I - 


d 1 
fI\dS ' A' 
A 


153 ) 


which is the result obtained by lumping the capacitance and inductance 
completely and taking acco\int of an end correction — JTodS/A to 


L_. 

r~ 

d 

-I .s 
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T 

h 

1 

j- •- 2a ——Ji 


T 

2i> 

\ 

i 



Fig. 5-21.—ll-sectif)u guidu. 


the length of the condenser. The calculation ol 7\) is not difficult 
foi‘ simple geometrical shapes of tlie cylinder. For //-sections as shown 
in Fig. 5-21, xn may be found from 


sd 

1 

1 !' !, 


- li 

_ xW 

-3^«V 

1 

- loK -,-|J 


(54) 


provided that 2Trs/li > 1. 

The impedance of the lumped guide on the P ~ F' basis may be found 
from the relation 


K = 



For H-sections this V)ecomes 



d 

_ I _ 

sin 2xy/^\ , 2fi cos^ xtd 
^XhI ) 


(55) 


K = 

1 


(56a) 
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or 

K = -ohlTlS. (566) 

V'-ty 

The junction between the lumped guide and rectangular guide presents 
a problem that may be handled in a satisfactory manner provided the 
slot of the crossbar is narrow. The fields in the two guides may each 
be expanded in terms of the appropriate normal modes. The tangential 
field in the rectangular guide is then put equal to that in the lumped 
guide across the opening of the latter anrl zero elsewhere in the same 
plane. The tangential magnetic fields are equated across the opening. 
Using these relations and the orthogonality of the wave functions in 
each guide, a series of linear equations in the mode amplitudes may be 
obtained. So far the treatment is exact. One now neglects all but thi^ 
principal modes or, in other words, supposes that there is no shunt 
reactance at the junction. Oarrying out this pro(‘edure, the principal 
transformer (‘onstant A for tiie junction is found to be 


1 - W. '. ^57) 

1 _ \2/X- / 

^/^^[jjX/<;,, ■ AV)ryN,/J-^ 

Avhere \h and \r are the cutoff wavelengths in the ll-section and the 

rectangular guide and Eon and Eon are the vect or tangential electric fields 
in the fundamental modes, Avhile the integral is carried over the common 

interface. Eon and Eon are normalized so that 




■ Eon)(f*>n 


For //-to-rectangular junctions, 



[Eor ' Eo/f)(iiSii — J. 


(58) 


A - 



sin 2xhI , 2d cos- 

_ ~2xnl ■ .... ^ 

Xu COS Xnl COS Xff(^ ~h g) ~ cos XR^' Xn(l + -Q 
sin sxH Xh — Xr 


(59) 


where xn = ^tt/Xh and xr = ^tt/Xr. When all H-section dimensions are 
small compared with Xh and Xrj this may be written as 
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Equation (59) gives excellent agreement with experiment when the 
assumptions of the analysis are fulfilled. The transformer constants 
were measured for an H-sectioii junction at several wavelengths from 
7.5 to 13.5 cm. The end corrections Avere found to be entirely negligible, 
while the values of 



which should, according to Eq. (59), be frequency independent, were 
found to be as indicated in Table 5T. The dimensions in this case were 
such that the slot width Avas small compared with the guide Avidth. It 
should be noted that the transformer effect at the junction is such as to 
raise the impedance level even above that of the rectangular guide. 
Using this value of A one may now calculate Ey/Hx at the center of the 
cr dssbar at the junction with the tube and obtain 


M'aBLE 51.-TnANSFDHMER CONSTANTS OF AN II-SECTIDN JUNCTION 

Dimerisinns of Il-SRirtiori: d = 0.191 i^m ; I = 0.952 nm ; s = 0.495 cm; h = 1.95 cm 
DimeiisiDiis of rectiiiiKular nuidc; h = 3.81 cm; a = 8.58 cm 


All, cm 

A 

!' -- 

. 

1 

1-T 

Xi. 1 

cxR, degrees 

(XH, degrees 

7.10 

3ti.3 

+ 10.0 

+ 9.5 

8.40 

34. (i 

+4.3 

+5.0 

9.51 

39.9 

-3.6 

+2.2 

10.58 

32.G 

-0.7 

-2.2 

11.51 

3G.0 

-1.4 

-3.0 

12.57 

30.7 

AVCi 36.0 +2.2* 

1 

+5.0 

-6.5 


* The caleiilated viilue nf A \/1 — fX^/Xzi^)/! — (XVXz/*) was 36.3. 
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where t/o = 377 ohms, 
will be 


To a first approximation the coupled resistance 


d E., 

21 ■ W 


(62) 


since it may be assumed that the magnetic field in the cylinders is very 
loosely coupled to the resonant system. For H-sections the result 
becomes 


R - 


4d^ 

Pah 


{-Si 


1 - 




•'H 

( x iL_ 

\sin sxh 


H c!os (I + s)xb — cos IxH cos (I + s 


Xh — X5 


Oxb V 

/ nr 


sin 2lxn 2d cos- Ixn 
21X11 " Ishxi 

Using the approximation of l<]q. (60) one has 


377 ohms. 


(63) 



This equation indicates the critical dependence of the coupling upon the 
width of the crossbar d. In strapped magnetrons the fields in the 
resonant system vary along the length of the anode as cosh ax, Avhere x 
is again measured from the median plane (see Chap. 4), while the fields 
in the crossbar vary as cos xxh- This fact will alfect the coupling at 
the junction with the resonant system, and there will be some trans¬ 
former effect. This may be taken into account by multiplying R by 
—> —> —> 

another factor [jj(EoH ■ where 7i/o.re8 is the norniLdized resonator 

field across the junction. This factor may be evaluated for an H-section 
and is 


(/: 


cosh ax COS XnX dx^ 


'(■- 


sin 2lxii I 2d cos 
21xh Ishx 


lxii\ f\ 


cosh^ ax dx 


(65) 


The magnitude of this correction will be small unless the tube is heavily 
strapped. The formulas of Eqs. (63) and (64) appear to give very close 
agreement with experimental results. For example, when applied to 
the case of the 4J50, a 16 hole-and-slot 3-cm magnetron having a quarter- 
wavelength H-section transformer of this type, a cold pulling figure 
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of 9.3 Me is caleulated. This compares favorably with the experimental 
values which are distributed close to 10 Me. 

One sees that contrary to the assumption of an earlier paragraph, 
there is some frequency dependence of the transformer effect at the 

- (xvxi 


junction given by the term 


'1 - 

Li - (V/xi). • 


This may be minimized 


by making \ii = \r. 

Iris Windows .—The vacuum seal in waveguide-output circuits is 
usually an iris window. This consists of a disk of low-loss dielectric, 



Fia. 5-22.—Varijitinn of .shunt .sii.spcptMiinR with thipkncs.s of window. 

usually glass, sealed across a metal iris opening. By a suitable choice 
of the glass thickness and iris diameter it is possible to obtain a window 
that, .when placed between circular choke joints, produces a satisfactory 
match over a relatively broad band. Since the window is placed between 
guides of similar characteristic impedance, it behaves like a pure shunt 
susceptance. Figure 5-22 shows the variation of this shunt susceptance 
vs. wavelength for a particular window. The apparent external Q of 
the window loaded by the matched line is 2.6. Thus there is little energy 
stored in the window itself. By placing the window at a suitable distance 
from the junction with the intermediate guide, the variations in the 
resistive component of the reactance at the tube may be minimized. 
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CHAPTER 6 


THE INTERACTION OF THE ELECTRONS AND 
THE ELECTROMAGNETIC FIELD 

By I.. R. WatuKER 

6-1. Introduction. —The central problem of the present chapter is to 
(wamine the interaction of the electron stream with the electromagnetic 
held of the resonator system in the annular regitm Ijounded by anode and 
cathode. At present the design of a magnetron of given characteristics, 
such as wavelength, magnetic field, operating voltage, power output, and 
pulling figure, is in principle a straightforward matter, the difficulties 
arising in practice being largely those of realizing the design mechanically. 
In view of this fact it is surprising to find that our understanding of the 
interaction processes is largely of a qualitative nature. That successful 
design should be possible may be ascribed to three facts: (1) A formula 
is at hand that has a sound theoretical basis and full support from 
experiment for estimating the voltage at which a magnetron of given 
dimensions will operate when a definite magnetic field is applied. (2) 
The behavior of the electron cloud may be shown t() depend upon a small 
number of parameters derived from the tube dimensions and the operating 
variables (see Chap. 7). Thus, it is possible to say that any two mag¬ 
netrons which may be run under conditions that make the values of these 
parameters the same Avill operate with equal efficiency. One magnetron 
design may, in this way, be tierived from another that is knoAvn to be 
satisfactory. (3) Finally, experience has shown that the efficiency of 
magnetrons is remarkably insensithu^ to large changes in magnetic field 
and d-c current and, to a somewhat lesser extent, to changes in load. 
A performance chart for a 3-cm magnetron is shown in Fig. 61, which 
may be regarded as typical of present design. Figure 6-2 shows the 
effect of load upon the efficiency of the same tube. In this figure the 
electronic efficiency has been plotted as a function of the electronic (or 
load) conductance. As a result of this broad range of satisfactory 
operational conditions it is evidently possible to allow considerable 
leeway in the choice of design parameters and still be confident that a 
good magnetron will be obtained. Presumably, it is a consequence of 
this happy situation that it has not been thought essential during the 
wartime development of magnetrons to attack thoroughly the problem 
of understanding the processes wffiereby the electrons transfer energy 
to the oscillating field. 
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There is little doubt that an acceptable qualitative description of the 
process may be given, and the picture that this offers has been adequately 
verified in those few instances for which numerical calculations have been 
undertaken. Quantitatively and analytically, however, the progress 
toward a solution has been meager. The steady-state problem may hi) 
formulated in the following way. From a given applied d-c voltage 
and r-f voltage at the anode and a uniform magnetic field in an intemction 
space of known dimensions, calculate the d-c and r-f currents that will 
flow to the anode. Then from these data, the input d-c power and the 
output r-f power may be calculated and, consequently, the efficiency. 
Knowing the in-phase and out-of-phase components of the r-f current 
and the r-f voltage, the admittance of the electron stream is cal^yiilable, 
and this will be the negative of the load admittance measured at suitably 
defined terminals on the anode surface. This problem has not been 
solved analyti(;ally under any set of operating conditions, even in an 
approximate fashion. Numerical solutions have been obtained for a 
few isolated cases but never for a range of values of the operating param¬ 
eters in the same tube. 

Turning from the steady-state problem to that of the initiation of 
oscillations, an equally unsatisfactory condition is revealed. No rigorous 
criterion has been established that will determine whether or not, under 
given conditions of magnetic field, voltage, and load, oscillations will 
build up from noise level. Similarly, there is no theory of starting time, 
which would require a solution of the problem with a constantly increasing 
d-c voltage.^ 

Although the inconclusive status of many of these problems may be 
attributed to the fact that emphasis has been laid on empirical develop¬ 
ment, they nevertheless present formidable analytical difficulties. In 
the account of the theory given in this chapter an attempt is made to 
formulate the problem in a straightforward way and thus to show where 
the difficulties arise that prevent a complete solution. An outline of 
A arious attempts to solve the main problem and certain simplified versions 
of it are given. 

6-2. The Assumptions Underlying the Analysis. —Any discussion of 
the interaction problem must begin by making a number of assumptions, 
which are of varying degrees of plausibility. The more familiar of these 
will be discussed before setting up the equations of motion and the field 
eciuations. The justification and significance of some statements made 
here may not, however, appear until later. Reference to Fig. 6 3 will 
indicate the region in which the flow of electrons is to be investigated. 
The cylindrical cathode of radius is held at zero potential; the concentric 

^ See, luiwnvpr, Chaps. 8 anti 9 of this volume for an empirical approach to the 
analysis of transient behavior. 
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aiiof/fi of radius has upplwd to it a d-c potential F^o. In the annular 
region bounded by anode and cathode there exist r-f fields that form part 
of the total field of the resonant system and that must, therefore, satisfy 
certain boundary conditions at the anode. The applied magnetic field 
is supposed everywhere to be constant in magnitude and to be parallel 
to the axis of the cylinders, Avhich axis is also taken as the 2 :-axis of a 
system of polar coordinates. 


Z' 



Ji'ni. 6-S. IiitBrai;iiijii wjiriBo and related roordiiiate system fur (vV = 8) iiiagiiptron. 

The first assumption is that the whole proljlein may be reduced to a 
two-dimensional one. In real magnetrons this can be a good approxima¬ 
tion only for regions near to the median plane of the tube, since there will 
be appreciable end effects at the extremities of the interaction space. 
Here there will be, because of the discontinuity in the cross sec.tion of 
the anode block and the possible presence of straps and of hats on the 
cathode, a consideraVffe modification of the tangential field, and further¬ 
more 2 -components of the d-c and r-f electric fields will appear. In view 
of the extreme complexity of the field patterns in this region, however, 
it is desirable to ignore these end effects. Experimentally, no specific 
effects have been found that indicate critical conditions in the end regions, 
and it is roughly true that a magnetron of double length behaves like 
one of single length operating at half the current and power level if the 
effects of length in mode spectrum are compensated for. Thus, it is 
probably justifiable at present to treat the magnetron as part of an infinite 
cylindrical structure in which all the electric fields are tangential and 
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independent of the z coordinate and in which the magnetic fields are 
purely axial. Similarly it will be supposed that the motion of the 
electrons is wholly in the (r-0)-plane. Since the thermal velocity of emis¬ 
sion in the z direction is small, this is a reasonable assumption in the 
absence of axial electric fields. It may be noted that the function 
of cathode hats, whether electric or magnetic, is to cause a deliberate 
distortion of the electric or magnetic fields at the ends of the interaction 
space, thus tending to keep electrons within the interaction space despite 
the effects of space-charge repulsion in an axial direction. 

It is customary to assume that relativistic corrections and other 
effects that depend upon the finite velocity of propagation of light may 
be ignoreil. These include the relativistic variation of mass with velocity, 
the influence of the r-f magnetic field on the electron motion, the change 
in d-c magnetic field produced by the circulating currents, and the use 
of the wave equaiion rather than Laplace\s equation. The conditions 
under which it is valid to make these approximations are discussed at 
some length in the. succeeding section. It will be found that some of the 
simpler consequences of the equations of motion may be preserved in 
relativistic form. 

Conditions of space-charge limitation are generally supposed to 
jirevail at the cathode, and, in consetiuence, the pott^ntials and radial 
components of all fields are supposed to vanish there. It is impossible 
to test the accuracy of this hypothesis, for there is no simple state of the 
space charge in a magnetic, field the theory of which has been sufficiently 
worked out to provide an experimental test. At present one can merely 
assume the condition true until it is demonstrated that it leads to false 
results. It is true that the current densities drawn in magnetrons fre¬ 
quently exceed substantially those Avhich can be drawn from identical 
cathodes in pidsed diodes under verifiably space-charge-limited condi¬ 
tions. However, the existence of excess cathode heating during mag¬ 
netron operation indicates the presence of back bombardment by 
electrons, and the known secondary-emitting proj^ertics of oxide cathodes 
suggest that secondary emission is probably sufficient to yield the 
required current densities (see Chap. 12). The possibility of secondary 
emission from contaminated anode surfaces is a further complication 
which is ignored. 

Associated closely with the assumption of space-charge limitation is 
the hypothesis of a zero velocity of emission of the electrons from the 
cathode. Plainly, the electrons have actually a thermal velocity dis¬ 
tribution at the cathode, but it seems reasonable to suppose, since the 
mean thermal energy is so small compared with the energies acquired 
by the electrons in moving through the field, that the effect of the dis¬ 
tribution is negligible in an operating magnetron. It will appear that 
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there are certain oversimplified conditions having critical solutions that 
might be affected by an energy distribution at the cathode, but these are 
far from simulating the conditions in a real tube. The experimental 
observation that, for many tubes, operation is independent of cathode 
temperature over a wide range may confirm the assumption that the 
initial velocity distribution of the electrons is not significant. 

A most important simplification in the problem is effected l)y a further 
set of assumptions concerning the nature of the field with which the 
electrons interact. These simplifications may be combined into the 
definition of an anode voltage of the form Fo + Vi cos (ni/) — qjhO; 
where n is the mode number and qjo is 27r times the frequency of the 
resonant system. The principal point here is that the r-f voltage is 
represented by a traveling wave. This assumption will be discussed 
more fully in Sec. 6-3, but the argument may be summarized here. The 
electromagnetic field in the interaction space may always be expanded 
in a series of Fourier components, each of which represents a traveling 
or rotating wave in the interaction space. For a particle moving so 
that its angular velocity is close to that of the sloAvest of these waves, the 
other components (at least for the condition of 7r-mode operation) 
represent a high-frequency perturbation the effect of which can bf‘, 
ignored in general. A more complicated situation arises, however, 
for inodes other than the 7r-mode. It will be shown that for a single 
rotating component it is always possible to define a “voltage” or potential 
in which the electrons move. The form used above for the anode voltage 
also assumes that the anode surface is a zero impedance sheet at the 
harmonic frequencies 2tJo, 3 cji), etc., so that the harmonic components of 
current induce no corresponding voltage components on the anode. 

The steady-state problem may now be formulated again for the sake 
of clarity. In the annular region between two coaxial cylinders there 
exists a constant, uniform magnetic field B, parallel to the axis of the 
cylinders. The inner cylinder of radius r,- is held at zero potential, and 
the radial fields at its surface also vanish; electrons are emitted from this 
surface with zero velocity, and their ^-component of velocity remains 
zero. The electromagnetic fields are transverse electric,’ and a potential 
Vi) + Vi cos {n4> — wdO exists at the surface of the outer cylinder of 
radius Va. It is desired to calculate the radial current density Jr at the 
anode in the form of a Fourier series 

Jr = COS {Uff) — CiJo^ + J t,-\ siu — CJoO 

-I- Jr, 2 Cos2(n0 — wnO -b /r ,-2 siTi 2(n0 — (jJiit) -h higher terms. 

Then the d-c power input is 27rra/]./r,oFo or /oFn, and the r-f power output 

^ S. A. SnhelkunofT, Elcciromagnviiv Waves, Van Nostranil, Ni‘w York, 1043, p. 154. 
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2J4 interaction OF THE ELECTRONS (Sec. 6-2 

is wTahJniVi or ^IiVi. The admittance of the electron stream is 

2^rji j =(?„!+ 

The salient features of magnetron operation may be pointed out again 
by an examination of Figs. 61, 6-4, 6-5, and 6-6 which show the perform¬ 
ance of strapped magnetrons in the alternative forms of Va vs. /o and Vo 



D-c current in amp 


Fid. 6-5.—D-f, voltage vs. d-c current for typical 9-cm strapped inagneLroii {N = 8) 

with-iiiagiietic field ill webers/sq meter,-power output in kw,-efficiency 

in per cent. 


vs. B. plots. Similarly Fig. 6*7 show's the performance of a rising-sun 
magnetron on a Fo vs. 7o plot. Features that are typical of the normal 
performance of strapped magnetrons are the linearity of the operating 
lines in the Fo vs. Iq diagram and the linearity of the constant-current 
lines in the Bz vs. Fo diagram, the general tendency of efficiency to 
increase monotonically with magnetic field at fixed current, and the 
falling of the efficiency at very low and at high currents. The fall in 
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efficiency at low currents varies rather markedly among different types 
of tube. It is generally believed to be due to leakage current, a compre¬ 
hensive term used to refer to electrons that reach the anode by means 
other than a direct interaction with the r-f field. The rising-sun magne- 



Magnetic field B fin webers/sq. meter) 

I'lG. 6'6.—D-c voltage va. magnetic field for typical D-cm magnetron {N = 8) with 
- current in amp,-efficiency in per cent. 

tron is further complicated by having a region of magnetic field in which 
the efficiency temporarily falls off (see Chap. 3). 

Figure 6-8 shows a series of operating lines on a (Fo,/o)-plot for various 
values of the load conductance Gl = —G^\. The operating lines are 
now seen to be in general somewhat curved and to move toward higher 
voltages as Gl is increased. These data are derived from a 10-cm 
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magnetron, but the behavior is generally observed for all types. Finally 
Fig. 6-9 shows the variations^ of h and /_i as functions of Fo and V\. 
Exhaustive data of this nature have rarely been taken, but general 
experience confirms the main features of Fig. (Vn. 



Fici. F)-7.—D-o voltage vs. d-c current for a typical 3-ciu rising-sun magnetron witli- 

magnetic field in gauss,-power output in kw,-efficiency in per cent. 

All these curves lend support to the observation that the efficiency 
of operation of the magnetron is a slowly varying function of voltage, 
current, magnetic field, and load. It is also indicated experimentally 

^ Tho data from which this plot was obtained are given in the last section of 
C'hap. 7. 



D-c voltage in kilovolts 
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that the properties of the space-charge cloud are singularly frequency 
independent and certainly negligibly so compared with the resonant 
system. 



D-c current in amp 

Fig. 6-8.—OiieratiiiE lines for various values of eleetronic foiiduetance and r-f voltage 

at a fised magnetic field. 10-cm magnetron, 1371 gauss, = 8 with - electronie 

nonductaiiee in mhos,-peak r-f voltage in kv. (Values in parentheses arc reduced 

values.) Reduced linear current densities are given by 7/36. 

6-3. The Field Equations. —The Fourier analysis of the r-f fields 
existing in the interaction space was shown in Chap. 2 to lead to an 
indefinite number of components, the dependence of which upon time 


Reduced d-c voltage 
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and angle was governed by a term of the form exp j{w\st + where 

p = ± [m - + = ±[-n - IN]. 

Here N is the number of segments; I an arbitrary integer, positive or 
negative; m the mode number in the sense of Chap. 4; and n the usual 
mode number^ = {N/2) — m. Waves for which p is negative travel 



/_j, total out-of-phjse current in amp 

Fia. 6*9.—In-phasB and Dut-of-phase r-f murrent amplitudes as a funntinn nf d-n and r-f 
voltages. Keduced linear eurrcnt densities are given 7/3S. 

counterclockwise or in the same sense as an electron in a positive mag¬ 
netic field. In the 7r-mode the slowest wave traveling in the same sense 
as the electrons has p = — A^/2(m = 0, ^ = 0). For an electron at rest 
with respect to such a wave or traveling so that on the average it is at 
rest with respect to it, another component, p' say, will appear to move 
with an angular velocity u)a(l/p' + 2/N) and thus produces a perturba¬ 
tion whose frequency is p'ciJo(l/p' + 2/JV) or 

j^l + = wi)[l + (2r + 1)]. 

1 The appearance of this particular set of components is always to be expected if 
the fields satisfy the relation, V[(t>. + (27r/iV)] = regardless of the form of 

-}- « 4- * 

7(0). For, if 7(0) = ^ then 7[0 -|- {2w/N)] = ^ and 

— to — eo 

one must have 2mr/N = (2m7r/iV’) -|- 2pir or m = n — pN^ where p is arbitrary but 
integral. 
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Thus, the perturbations produced by the other components have the 
frequencies ±2ci;o, ±4lod, ±(]coo, etc. The situation is somewhat more 
complicated for the other modes. For the mth mode, the two slowest 
components in the counterclockwise direction have p = —[{N/2) ± m], 
and the frequencies of the perturbations due to other components are found 


to be given by 


N{1 + 1) 
{N/2) + m 



2 - 


N{1 + 1) 
{N/2) + m _ 




in the case corre¬ 


sponding to the + sign and — - 



for the case of the — sign. For the casern = 1, which is usually of most 
interest when m ^ 0, there are always low-fretiuency perturbations; the 

lowest fretiuencies are [ { N/2)^ l ] ““ 

in the second. It follows that in 7r-mode operation the perturbations, 
produced by other components upon an electron that moves slowdy qp 
the average Avith respect to the slowest counterclockwise component, are 
all of high frequency, whereas for other inodes this is certainly not the 
case. It appears, then, to be plausible, at least as an initial assumption, 
to ignore all the field components save the slowest counterclockwise one 
when the tube is running in the Tr-rnode. To justify the assumption 
completely it would he necessary to show^ that in thq field of such a single 
component electrons actually move so that they haA^e on the average only 
a small angidar momentum Avith respect to the Avave and furthermore 
that the high-frequency AA^aves do indeed haA^e no secular effect. It will 
be found that this justification can be carried through in part and also 
that there are certain consequences of the rotating-AvaA^e hypothesis 
which are adequately confirmed by experiment. It is, in fact, found that 
even in cases of operation in modes for which m 0, a single component 
determines certain features of the operation. The above considerations 
apply to strapped magnetrons Avithout reservation, but in the rising-sun 
design there is always present, even in the 7r-mode, a component for Avhich 
p = 0 (sec Chap. 3). The effects of this component have to be given 
special consideration (see Sec. GTl). 

A considerable simplification is introduced into the problem if only 
one component of the total field need be considered. For then in a system 
of axes that rotates Avith the angular velocity of this Avave, all electro¬ 
magnetic fields are independent of time. In addition, the electron dis¬ 
tribution in velocity and position Avill be a stationary one. Thus, if 
the electromagnetic fields in the interaction space are described by a 
scalar potential Aq and a vector potential A = Ar, A*, these are func¬ 
tions of the variables r, 0 — z, where u is the angular velocity of the 
rotating wave. One may Avrite ^ = 0 — cjf. As has been indicated 
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in the previous section it will be assumed that the fields are transverse 
electric and independent of z. The potentials are thus functions of r 
and ^ alone. 

In writing down the field equations and the equations of motion, the 
relativistic form will be used for the latter and no terms dropped from 
the former. In this way, the approximations that involve the velocity 
of light may be made consistently. The MKS system of units will be 
adhered to throughout. 

The field vectors E and Bz which will be supposed to contain the 
applied fields are connected with the potentials thrf)ugh the equations 


E = — grad d o — ^ 

at 

(1) 

and 


Bz = curb A. 

(2) 

The potentials themselves satisfy 


V“.4o pofo ^.0 — 

5r Ed 

(3) 

Avith p positive for an electron cloud and 


5 “A 

div grad A — muco = fioj. 

(1) 


where mo = 1.257 X henry/meter, eo — 8.854 X 10 faraLl/meter, 
and p and J are the charge and current densities at any point. The 
subsidiary relation holds 

tliv A + Moen = 0. (5) 

Equations (1) to (5) may now be written out in the (r-^)-system. It 
should be noted that 

a a j ^ ^ 

— = — and — = — Lj — 

50 dt 50 


from the definition of 0 and from the fact that d/dz = 0. 
(1) and (2) give 

„ 5^0 I 5.4 r 

Tjt = -T-h w j 

dr 50 

1 5Tn , 5.4, 15 

= -— + cij =- ^ ~ ^rA^), 

r 50 50 r 50 


5. = ^ 

r L 5r 50 


Equations (3) and (5) give 



Equations 

( 6 ) 

(7) 

( 8 ) 

(9) 
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and 


1 ^ 
r dr 


{rAr) + 


1 aA^ 

r dip 




dA„ 

dip 


= 0 . 


( 10 ) 


Equation (4) requires a more extended treatment. One has the relations 
Ax + jAy = + jA^,) and + jJy = 

Thus, Eq. (4) may be Avritten in an obvious notation 

- Aio«n [e~’*(Ar + jA^)] = fioe-^'*(Jr + jJ^) (11) 

or 

(^r,^ ~ Moei) (Ar -\- jA^A -h ^ + jA^)] 

“ ^ + .7-40)I ^ = Mn(^7- A- (12; 

yielding the pair of equations 





A,f, . 2 dAr _ j 

- T I 5 ~^T ~~ ■/> 

r- dyp 


Equations (9), (10), (14a), and (141;) may be eoinbined to give the two 
equations that imply the equation of continuity, namely, 


|Ltrjr/r = 

and 

MO'/^ = /Xo(»^0 




dr r dr 


ttt; + 17“ 


.. \rh4/ 

7 


dA 0 1 5 


^ I ~ r dr 


+ I-MoCoW 




(15a) 


(151)) 


The bracketed function is essentially the stream function for electron 
flow in the rotating system. 

It is to be noted that in writing down Eqs. (3) and (4), which imply 
that the fields are derivable from a continuous distribution of charge 
and current, a further assumption is being made which requires justifica¬ 
tion. Strictly speaking the charge distribution is not continuous, and 
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the expression p shouJd be replaced by a summation over the individual 
electrons. In using the expression for the average charge density to 
calculate the field, one is ignoring the effects of what is usually referred 
to as “electron interaction,” namely, the process whereby two electrons 
exchange energy directly as a result of a close encounter rather than 
through their average effect on the field. Some idea of the magnitude 
of this effect may be obtained in the following way. Consider a volume 
V containing nV electrons distributed at random. Then the force at 
any point fluctuates statistically about a mean value. The analogous 
problem of the gravitational field of a distribution of stars has been 
considered by Chandrasekhar,^ and it is found that the natural measure 
of the force fluctuations is 

9 a / 

F “ ^ I g) volts/meter (Ifi) 

in the notation of the present problem (p/e = n). Assuming an emission 
of 50 amp/sq cm and a radial velocity of c/10 one finds for F the value 
10^ volts/meter or 0.1 kv/cm. This is very small compared with the 
field strengths normally existing in the magnetron (20 to 50 kv/cm). 
The process of electron interaction, however, must be expected to play 
some role in the neighborhood of the cathode where electron densities 
are highest and the fields weakest. 

6'4. The Equations of Motion. —The equations of motion may be 
derived in numerous ways. It is convenient here to make use of the 
Lagrangian function.^ Two theorems coiicerning the Lagrangian 
equations of motion will be found useful in this coniieclion. Suppose 
that L(.Ti, Xz, . . • Xn] Xiy ± 2 , ... Xn’, 0 is the Lagrangian function of a 
particle, involving the time explicitly, but that by means of a change of 

variables . [ = Xi -j- af, xi = X 2 , . x'^ = Xn, the time dependence 

may be eliminated. One has 


and 


d d , 

^and ; 

dXq dx^ dx„ dx„ 


d d 


Q 1 , 2 , ■ ■ ■ 


at dt dXi dx[ “ dx' dx[ dx 


- 37/ + 3^' + ■ ■ ■ 33/ + ■ ■ ■ 33/ + 


dt' 

_d 

dt'' 


dx'i 


dx'„ 


dx'. 


X -A + 

'‘dx', ^ 


^ S. Chandrasekhar, "Stochastic Problems in Physics and Astronomy," Rw. Mod. 
Phys., 16, 1 (]i)43). 

* A very lucid account of Laij^rangian and Hamiltonian equations for high-speed 
(relativistic) particles is given by Mac Coll, Bdl Sysiam Tech. Jour.j 22, 153 (1943). 




Sec. 64] THE EQUATIONS OF MOTION 

Thus, the Lagrangian equations of motion 


223 


become 


Avhere 



d ( dZ/\ d/y 

dt \^Xq) dXq 

g = 1, 2, ■ ■ ■ n 

(17a) 


d (diA 

1 dL' 

(17f^J 


dt'\dj'J 



1 ^2) ‘ ■ ‘ j 0 

1 = L{xiy X 2 j'j Xlj X 2 , ■ ■ 

■ ;<)- (18J 


The Eqs. (17a) and (i7fj) for a Lagrangian that docs not involve the time 
directly are known to possess the integral 


H' = 



dU 


(U)) 


Thus, an integral may be found for the equations of motion although 
the fields in the original coordinates are time varying. 

Now consider //' and IJ as functions of the coordinates Xq, and tlenotir 
derivatives with respect to the coordinates by d/dxq. Then 


d/, /9a-', Z/i9x', ai' Z/3.x', 5x' ^ ‘ dx',\di',) 

and using the equations of motion (176) where s = 1, 2, ■ ■ ■ , n 






= 0 , 


if all the particles have the same energy constant. Then in 3 dimensions, 
SIj 

if one writes ^ = ps, one has curl p = Xx, with X independent of position 

oXg 

and time. 

The Lagrangian function for an electron in a transverse electric field 
is in the relativistic case, with e a positive quantity, 

1--) + e(Ao — fAr — rfj>A^). {21R)^ 

Since it has been supposed that the transformation 0 = ^ + will 
eliminate the time dependence of the potentials, the lemmas of the 

^ Whore the same equation is given in relativistic and nonrelativistic forms, the 
same number will be used with the affix or iV to distinguish the cases. 
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preceding paragraph may be used. One has 

L’ . [ I - iL + ■•■tf + + „)jj, 

(22ie) 

and the equations of motion are 

rff mor ^ 1 fa^i, . dAr 

1 (23fl) 

J. 

and 

rf f mnr^(i^ + u) ^ ] rai4i) .dAr n i n /o^o\ 


where 


j .2 _|_ j . 2 (^ _ j _ ^^^2 


(1 _ ^2)M + ® <^rA^ 




Or, alternatively, 

d \ TUnr 1 _ 

ri<L(l - 


d f TnoT-^l^ + w)] d ^ 1 , [rKr^'l*) ^-'1,1 

S [ (1 - y)»< J - «L“l^ ' wTJ- 

The integral H' may be formed: 

[ f.2 1 I ^^)2~\y^ 

1- Jz I - - rAr - r{il> + U^)A,] 


d{rA^) 

dAr 

dr 

d^ 

d{rA,) 

dAr 

Or 

d-^ 


, m„[r''‘+ rV(^+ o)] ^ ^ ^ m„[c^ - + u)] 

+ —(1 - -— 

- e(^, - w,A^). {2711) 

If the convention is introduced that Aoj A^,, and Ar shall all vanish at 
the cathode and the assumption of vanishing velocities at the cathode 
in the stationary coordinate system be recalled, one has 

//' = moc^. (28ii!) 

Since H is independent of the electron considered, the second lemma (20) 
holds with X = 0, and one has 

^ r >1 1 _ ^ [mnr^i\l/ + cj) ^ 

a^[(l-/ 32 )» (1-/9^)^ erA*J. (29J?) 
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This equation may be written as a pair of equations 

mnr _ dW 

(1 - /82)W “ 

m„rH4' + u) , , dW 

(1 _ 

and {27R) becomes 
irioc^ + eAo — cjj 

= r + (e.4. + + {e.A, + ^ ^y. (32R) 

In the nonrclativistic case a similar set of equations is found. The 
Lagrangian is now 

L' = ^ [f^ + r-‘(^ + co)^] + elAo - xAr - r(^ + (21JV) 


and the equations of motion arc 

mor = mssr{if + w)^ + (^o — lorA^) — c\l/ 

dr 

^ [mar^iip + u)] = « ^ (-^o ~ ujr.4^) + er 
In this case the, equations may be further modified to read 
mnr = mnn/'^ + c ^ f ri o — urA* + ^ cjvA 


a(rA^) 3Ar 

d\f^ . 
dAr 

Sr Sfp 


dr 

9(rA^ 


(25jV) 

(2(iA') 


dl 


(morV) ^ ® ^ ~ ^ 



_ 

d\p 


2m()wr 


" J 

3(rA«) 


dr 


_ M.r _ 

2ninL}rl 

djp 



(33) 


• (34) 


These equations have a simple interpretation. They are the equations 
of motion of a particle moving in a scalar potential 


Ao — wrAs, + 


and in a magnetic field 




3 . . aAr 2mi,cjj 

The term (mD/2e)coV^ is related to the centrifugal force, and the term 
2mucijr/e to the Coriolis’ force, appropriate to the rotating axes. Such a 
formulation of the equations was not possible in the relativistic case. 
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The integral //' is now 


/r = - ^ [r= + + to)^] - c[A„ - fAr - r{^ + 

+ mn[r^ + + Lo)] — cr^r — 


1) / . i> 1 

= ^ir‘ + 

r-\l/‘^) — e{An — rcjA^,) — ^ 

(27N). 

and with the usual conditions at r = one has //' = 0. 


Thus, 

^ (mor — eAr) = ^ + lo) — crA^] 

(29JV) 

and 



mar = eAr + 

dr 

(30JV) 


mnr^iij/ + ij) = erA^, + 

(31 AT) 

gAq + 

1 4 , ,iaivY~ 

■ (32iV) 


It will be noted that Eqs. {^2R) and (32A^) are essentially the Hamil- 
ton-Jacobi equations of the system, since dW/Bt' = —cj (3lT/^^)- 
IT is thus the action function of the system.^ The introduction of the 
action function in the magnetron problem does not appear to be so 
fruitful as one might expect. The reason for this lies in one of the most 
complicated characteristics of the electron motion, namely, that the 
motion is essentially of a multiple-stream type. Through any point 
in the interaction space, transformed into the rotating system, there will 
pass a number of electron orbits. This fact hardly requires proof, but 
it has been established empirically by computation of orbits. It follows 
as a consequence that the electron velocity is a multiple valued function 
of position and thus that W has similar properties. IT, then, is a function 
having many branches, and these branches will meet along bramdi 
curves which will be the envelope of a series of electron trajectories. 
The character of these branch curves has been discussed by Cherry,^ 
who has given expressions for the potential and velocities in the neighbor¬ 
hood of such curves. 

The multiple-stream property of the electron flow gives rise to severe 
analytical difficulties in handling the field equations, for it is necessary 
to write an equation of continuity for each stream, where a stream is 

^ The function W has been used by Gabor, Proc. IRE, 33, 792 (1945), in problems 
of electron dynamics. 

2 Cherry, “General Theory of MaKiietron,“ Council for Scientific and Industrial 
Research, Sydney, Report No. MUM-1, 1043, has discussed the formulation of the 
magnetron equations in terms of W. 
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defined as a set of electron orbits leaving one branch curve and terminat¬ 
ing on another. With each stream there is associated a charge density, 
and it is the sum of these charge densities and the sum of the currents 
that must be substituted in Eqs. (9), (14a), and So far there does 

not seem to have been developed any analytical method that will effec¬ 
tively handle all the streams together and automatically perform the 
required summations. It is always necessary to handle the individual 
streams separately and fit them together at the branch curves. 

There are two important equations that may be deduced from the 
integrals {21li) and (27A^). Thus, if a particle is to reach a given point 
in the interaction space at all, one must have f and i/' both real at that 
point. Putting r = 0 in Eq. (28R) and writing + w = (^, one has 



The nonrelativistic analogue is easily deduced from (27Ar) or from (33/^) 
by supposing rcj <<C c and is 


’3{Aq — rwA^) > — 


(337V) 


Equations (337V) and (33/^) play a very important role in the analysis 
of magnetron behavior, since they yield an inequality that the fields 
must satisfy in order that electrons shall reach a preassigned point in the 
interaction space. They will be discussed further at a later point in this 
section. 

Another pair of significant formulas is obtained by rewriting (277V) 
and {27R) in terms of the stationary coordinates. In this way one finds 
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and 


0 = ^ (r^ + r=(^=) - c(A„ - ru,A^) - 


(34JV) 


motor'll . dW fr,Kn\ 

— . + cutAa = — cu —pj (3o/r) 

VI - /&'•* 


From (34B) 

a..-m..'(-7=^-1) = 

and from (34iV) 

cA«-'^(P + r^-) = + e^rAf, = (357V) 

Z oy/ 

The expression on the left of Eq. (35N) is the difference between the 
potential energy of an electron in the scalar field and the kinetic energy 
of the electron; it therefore represents the energy loss of the electron to 
the oscillating field. 

6-6. Conditions under Which Relativistic Effects May Be Eliminated. 

Before discussing more fully the equations of motion it is essential to 
find out under what conditions the relativistic and propagation effects 
can be eliminated. The field equations, Eqs. (9), (10), (14a), and (14f)), 
and the equations of motion (25R) and (26/^) describe exactly the condi¬ 
tions in the interaction space. When one proceeds from the relativistic 
Lagrangian to the nonrelativistic form, the procedure is equivalent to 
ignoring all terms in the relativistic expression of higher powers in v/c 
than the second, where v is the electron velocity. It is important then 
to ignore all terms of the same order occurring in the field equations. 
To be able to recognize such terms it is useful to introduce a set of 
characteristic variables for length, time, scalar and vector potentials, 
and charge density that will be appropriate to the relativistic regime. 
Thus, for a characteristic length one uses ro = c/w = liXo/Zir, since the 
quantity is the only parameter occurring in the field 

equations. For a characteristic time, U = l/cj is chosen; and for the 
scalar and vector potentials, the natural units are rrioc^Je and 
The characteristic charge density is Writing 


r* = — = —; = — = cijf, 

Tn c 


At = 


moC‘ 


A 0, 




* ?7lnW“En 
P = ..TT P, 


Eqs. (9), (10), (14a), and (14b) become 


1 


r* dr* \ dr* / \r*2 / dr*^ 




dA* 


dyf) 


dA„ 

d}f/ 


= 0 , 


(3R) 

(37) 
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r*r*p*, 


(3H) 


^ - p 5 ^ + (ji - ’•*) ^] - 

where the bar denotes differentiation with respect to t*. Similarly 
the integrals of the equation of motion are 

1 - + 1 ) 


1 + - r*Al = 


(40) 


Vl - + 1)“ 

and 

,1*1 ar r*^(^ + i) ^.,1 ,4,. 

In order to examine the conditions under which the above equations 
may be simplified, one calculates for the applied magnetic field B, in 
the absence of an electron stream. Since B* = {\/r){d/dr){rA^), if 
d* = 0 at r = Tc, then 


rd0 = Y (r^ - rl), 


or, in reduced variables. 


r* 4 * = (r*^ — r*2'| = 1 (r*^ — r*'.*') 


(42) 

(43) 


where 


T = 


2Tmj) 

eBn 


The unperturbed magnitude of r*A^ evidently depends upon two 
independent quantities: r* = 2Trr/n\oj which measures the size of inter¬ 
action space in terms of nAo, and y, which is the ratio of the Larmor 
frequency of the electron precession in a magnetic field Bo to the angular 
velocity of the rotating wave. Suppose that r*^ 1, then the condition 

[Eq. (33R)] that an electron shall be able to reach a point in the inter¬ 
action space becomes 

I + A* - r*Al S Vl - 
which may be written 

A* ^ r*A*-^-^ 
or 

Ai ^ (r*l$) + - (r*2 - r*^) - I_, (44) 

T ^ 


where {r*A%) is the contribution to r*i45 coming from the r-f fields and 
from the circulating currents. It will now be assumed that A*, rMJ, 
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and Af are all small compared with unity. This is equivalent to saying 
that all voltages are small compared with moc^/e = 506 kv; this is true 
for all magnetrons that have been built up to the present. For the 
inequality to be satisfied, it is to be noted that a lower limit is set upon 
the value of y in a tube of given dimensions (fixed r* and rj). Using 
Eq. (28R), limits may be set upon the values of f* and r*(^' + 1); thus, 




1 


^2 + 


(45a) 


and 

^ VF + T ^— , , ^ Vtl< + - I 

^2 ^*2 = / -r a ; _ ^2 ^.+2 

^\h ere 

iS = 1 + yl* - r*yl*. 


Thus |f*| and r*|^ + 1| are of the order of (A* — From JLq. 

(36), p* is of the order of yloi and neglecting squares of r*-, A* satisfies 
Poisson’s equation. The right-hand sides of Eqs. (38) and (39) are of 
order r*AP^ and A*{AP^ — r*), and these equations may be written 



+ terms of the order of (/’*.4*‘>^), (46a) 

and 

dr*\r*ld\l/ dr*^ ar* [ dxl^ dr*} 

-|- terms of the order of (.4*'^^^ — r*^*). (46(>) 


The right-hand sides of these equations are small cf)mpared with the 
left, and thus 

{r*A%) = r* times a constant (4Gc) 

dyf/ dr 


which for the particular boundary conditions = —By\. Equation (37) 
leads, neglecting r*^ylo in comparison with r*A^j to 


—- ^ = 0 


Combining, the part of A% 
current and A* satisfy 


and 


depending upon the r-f fields and circulating 


r*A 


* _ 


d\f^ 


(47a) 



(47b) 
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where 

= 0 

r*dr*V dr*) r*^d4>^ 

It may be noted that 

1 r .9 (r*I*) ] 1 d^{r*Al) 

r* dr* I dr* J r*‘^ 


(47r) 


(47r/) 


Summing up the results of this section, it appears that for the neglect 
of relativistic effects and of propagation effects to be permissible it is 
necessary to have r* small and also y sufficiently small so that Aq is 
small compared with unity, while r*A* must also be small compared with 
unity. Physically, the dimensions of the tube must be small in units of 
nX/27r, and all voltages must be small when measured in a unit of 500 kv. 
Under these circumstances the scalar potential Ad satisfies Poisson’s 
equation, while the potentials Ar and A^ are derived from a quantity T 
satisfying Laplace’s equation. Furthermore, the term entering the 
etpiations of motion of the form [d(;rA^)/dr — dAr/dy!/] is in a nonrela- 
tivistic approximation equal to Bn, the applied magnetic field; for if the 
second integral [Eq. (29R)] of the motion is written in reduced units, 


r* 

d 

■ if + 1 ‘ 

dA* d{r*A*) 

Lvi - 0‘^\ 

dr* 

Lvi - H 

~ d-^ dr* 


(48) 


and the right-hand side is — r*/in plus small terms. 

6*6. The Nonrelativistic Equations. —The equations of motion in the 
nomial, nonrelativistic case may now be put into a more convenient 
form. Substituting the expression \Bn{r — rl/r) for the part of the 
vector potential A^ due to the applied magnetic field and dropping the 
term Ar, which contributes only to the r-f magnetic field just shown to be 
negligible, Eqs. (33) and (34) become, Avriting for the r-f tangential 
component of vector potential, 


mnf = muT^- + c ^ j^Ao — (r^ “ ^ 

- 4r (kii - (49a) 


d- v f r 


{-m}) 


rrinf = + e — vryJ/By, 

dr 


(50a) 
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d. , , i. dV E . . jj 

= e— + errB,, 


where 


and 


Bi — Bn — 


“So 

2m nu 


Vb = .1 n - <^rA, - (r- - r?) + g-" c. V 


(506) 

(51a) 

(516) 


The associated field equations will reduce to two by virtue of the neglect 
of Ar and the other small terms. Since, in the equations of motion, 
Au and appear only in the combination A o — ujrA^, it is useful to Avrite 
doivn the equation that this new variable satisfies, and this is plainly 

1 d I" a(An — , 1 i9“(Ao — _ p 

r dr [ " 1^7 J + 7^ “ 7o‘ 

The two efiuations involving the currents ar(i no longer of interest in so far 
as they affect the potentials, but the equation of continuity that they 
imply remains, and one has 

(prr) + ^ (pr^f) = 0, (53) 


where properly there is one such equation for each stream, and p in 
Eq. (52) is summed over all streams. 

Equations (49fx) ( ('^2), and (53) may be taken as the funda¬ 

mental equations of the magnetron problem. It is convenient at this 
point to introduce a new system of reduced or dimensionless variaVdes 
suitable for the nonrelativistic problem, by choosing an appropriate 
characteristic length, time, voltag(‘, and so forth. The choice of such 
units is largely arbitrary. There are, for example, two natural fre¬ 
quencies appearing: (1) the angular velocity of the electromagnetic 
fields w/27r = wo/27rn and (2) the frequency of precession of an electron 
in a constant magnetic field Bn, namely, (l/27r)(c/in/27r0j bi the absence 
of electric fields. Either one of these frequencies might be used to deter¬ 
mine a characteristic time. The unit of length might be chosen to be 
one of the radial dimensions of the tube or or might again be asso¬ 
ciated with the free-space Avavelength as was natural in studying propaga¬ 
tion effects. Similarly, various unit voltages suggest themselves because 
any suitably defined energy or amount of work associated with an 
electron when divided by c gives a possible voltage. Thus, one could 
use the kinetic energy of an electron at rest in the moving system at some 
appropriate radius; the kinetic energy of an electron moving around 
a circle of given radius in a constant magnetic field Bn'y the work done 
in moving an electron at rest in the moving system against magnetic 
forces over a definite distance, and so on. 



Ski*. 6-61 


THE NOHRELATIVISTIC EQUATIONS 


233 


The system of characteristic quantities that will bo used here is as 
follows: For length, the cathode radius is used, for time, the reciprocal 
of 27r times the harm or frequency, or 2mjeBss (this has the advantage 
of enabling one to pass readily to the case where there is no traveling 
wave); for a unit voltage, will be used. The latter is the work 

done against the magnetic field Ba in moving unit charge at rest in the 
rotating system from r = 0 to r = Vc. It would be more natural, no 
[loubt, to use — rl) as a unit, since this would measure the work 

done between cathode and anode, but this choice leads to clumsy expres¬ 
sions in the reduced equations. 

Thus, one writes 

2mf)Lj 

(54 ft) 
(545) 


r pJio , 

j = -) '^ = 7r~ ‘j 

i\ 2m II 


_ 2A, 


_ _ 2A, 


and 


as before. Then the equations (4f)a) and (4!1?>) become 
I = + T ~ - 2(1 - y)sh 


vliere the bar denotes differentiation with respect to t and 


Ve = an - sa* - is'^ - 1) + ^ 

The field equations [Fi|s. (52) and (53)J become 

1 r d(Qn — sa^,) l 1 ^- (qq — sa^) ^ 2 ^ 

J 35 35 J 5- 3^^ w/ioeo ^ ^ 

and 

^(P5l)+^(ps^)=0. 


(55) 


(5ti) 

(57) 


For future reference, the form assumed by Eqs. (54a), (54?;), (50), and 
(57) for the case of a linear magnetron will be written down here. It 
will be assumed that ii and tend to infinity together in such a way that 
rc/n= Xn/ 27 r, where Xo will be the wavelength of the traveling wave 
in the linear tube. Measuring y outward from the cathode and x parallel 
to the cathode, then 


= i+l/ = i + L»|.= 
Tc Tc Xd 


1 + 



and 


Tcyp = .T = Xu — = XoJ. 
An 
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Equations (54a) and (546) becomo 



= OVep 

^ = «-if + 2c, 

(58a) 


C = ^ - 2C 

(585) 

where 



_ yre _ 2mDCij n _ mocoo 

Xn cB 27r wcB 


and 

V.. = g (a„ - 3.) - 2C + 1 

(59) 

Equations (50) and (57) take the form 



Of + ScOfx,'”" “■»] - " 

(liO) 

and 

^ (9vl) + ^ (!»,.C) = 0. 

(fil) 


The formulation of the magnetron problem is now completed V)y 
specifying the boundary conditions for the fields and velocities. Since 
the electrons are supposed to leave the cathode at rest in the stationary 


system, one has 



= 0, 

(62a) 


4' = 

— 7 

at 5 = 1, 

(625) 

and 


c 

= 0, 

(G3o) 


t = 

-fi 

at C = 0 

(635) 


in the linear system. At the cathode (^ = 1 or f = 0) the potentials 
Qq and sa^ (or 5x) vanish; and if there is to be space-charge limitation, 
so must the radial field Er (or Ey). Since 


then 


Er = 


3Ao dAr 

-Z-j- w 

dr dy 


- — {A„ - u,rA^) 


= ^ (*4,i - urA^), 
= 0 


ujrDx 


ds 


{qq — sa^) 


at s = 1 


(f)4a) 
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or 

(flo — Oi) = 0 at C = 0. (64/)) 

The boundary conditions at the anode are set on the potentials and are 
assumed to be 


On = ^li), 



(65a) 

sa^ = Ai 

COS n\p 

fit s = Sa = rjrc, 

(656) 

Dx = Ai 

cos 2Trl 

C C« ?/»/ 

(65c) 


All potentials must be periodic then in ^/n or t/27r. It will be recognized 
that in the preceding paragraphs, the assertion made in the first section 
that a potential could be defined on the anode whose value was said to be 
Fo + V\ cos (nc/) — cooO has been justified. For the combination of 
potentials Qq — sa^ or Ou — a^; is the only one entering the rumrelativistic 
equations of motion. It shoidd be noted from Eq. (7) that this potential 
is — irE,p dAp or the tangential integral of the tangential electric field. 

The solution of the problem would consist of a determination of the 
electron velocities, the charge density, and the potential at any point 
of the interaction space. From these the radial current density pr could 
be found in the form 


where 

2TrrJr.[\ 


pr = Jr = Jr,o + Jr.i COS Up + Jr,-i sin U'p + 


prr dyp = irrJrA = / prr cos np d^p = ^ 


rJr.i = pr 

TVrJ r-l = 

Jo 


irrJr-i = / prt sin n\p d\p = etc. 
I f) fi 


Or, if 2TreujBl?'lEo/^rn is introduced as a characteristic current density per 
unit length, with the definition, i = ^ss, 


27nV.o = / dypj irirA = / cos riyp d\p, 


- ^ i: 


- /: 


psS sin nyp d\py etc. 


where iV.o, . . . are reduced linear current densities per unit length. 

The d-c power input is 27rr„/i»7r,oFo = (7r/i/4m)cLj-Borceo(ir,oAD), and 
the r-f power output is TrrJiJr.iVi = {Trh/Hm)eij:^Blr^Eniir.iAi). The 
admittance of the electron stream per unit length is 
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Under equilibrium conditions, G^i + jB^\ = — In principle, then, 

the potentials determine the currents, and, in turn, the load may be found. 
Practically, one sets the load, and the potentials and currents adjust 
themselves to suitatde values for producing the correct admittance of 
the electron stream. 

One may summarize the analysis by ])utting the result in functional 


form. Thus, 




= V(r, Oil, B*, n) 

(67) 

and 




Jr ,11 “ 0(1/ 0 ^/ ?!-) j 

, m 


7 is a parameter in the eciuations of motimi; governs tlie range of 
integration; Qu and 5^ appear in the boundary conditions; and // in a condi¬ 
tion of periodicity. The nonrelativistic Er^s. (54tt), (51/0, (5f)), and (57) 
and their solution in the form of Eqs. ((57) and ((58) provide the basis for 
the process of "scaling^’ magnetrons. Thus, if the linear dimensions of a 
magnetron are changed by a factor a, the operating wavelength changed 
by a factor a, and the magnetic field altert'.d by a factor 1 /a, it is cleaj- 
that the variables 7 , Sa, an, and do not alter provided that the d-c 
and a-c voltages are unchanged. It follows from Eqs. (07) and (08) 
that and iV,n do not change. If the height h is also scaled by the fat^tor 
a, the characteristic admittances and currents for the tube will be 
unchanged, and thus the total current and arlmittance remain the same. 
Thus, two magnetrons related in this way will operate at the same d-c 
voltage and current with identical power output and loading (provided, 
one must add, that the circuit efficiencies are the same). 

Similarly if the wavelength and magnetic field are left unchanged but 
the radial dimensions of the interaction space are multiplied by a factor 
i9, the values of 5 a and 7 are unaltered. Now, an increase of a factor in 
the d-c and r-f voltages leaves Qu and 53 ^ unchanged. One has, again, no 
change in iVj) and y^. The characteristic admittance for the whole tube 
is left the same, while the characteristic current is increased by 
Thus the loading is unchanged, while the total current increases by 
The power level increases by /9^. A scaling process of this nature is 
referred to usually as voltage scaling. 

TVie process of scaling is extensively used in practice to design new 
magnetrons, and the systematics of the method are described fully in 
Chap. 10 . The prediction of similar operation when the variables 
7, So, n, Go, and s5^ are unchanged has been thoroughly confirmed by 
experimental results. The first scaling process will retain its validity 
in the relativistic range, since there will be no change in the additional 
parameter r = 27rr/nX which appears in that case. However, voltage 
sealing will not be applicable because of the uncompensated change in r. 
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Attempts have been made to reduce the number of parameters upon 
which tube performance depends by introducing various combinations of 
7 , Sa, and n into the definitions of the characteristic variables, thus 
obtaining new reduced variables. It is hoped that in such variables a 
fewer number than five may suffice to describe the behavior. One such a 
set is due to Slater^ and has been extensively used by Clogston in Chap. 
10. In this case a characteristic magnetic field given by Bo(l — r^/r^) 
is used. The quantity is closely related to the vector potential of the 
magnetic field. The characteristic voltage is 1 /e times the kinetic energy 
of an electron moving around the cathode surface at rest in the rotating 
system. The characteristic current is chosen to be the current flowing 
at cutoff in the magnetron acting as a diode Avhen a certain special voltage 
is applied to the anode.^ It is not clear that this current has any intimate 
connection with the currents flowing in an operating magnetron, since 
the mechanism whereby electrons reach the anode in the operating 
magnetron is quite different from that involved in the magnetron without 
tangential fields. The characteristic voltages and currents may be used 
to define a characteristic admittance. In terms of these variables, 
reduced performance charts may be plotted for tubes with various values 
of n; and if the variables had been expeditiously chosen, one might hope 
to find no dependence upon n. As pointed out in Chap. 10, this hope 
is not fulfilled. 

Analytical Deductions from the Equations of Motion .—Returning 
now to the discussion of the equations of motion one may note that the 
expressions (27A) and (2i)A) now take the form 

(fill) 
(70) 

The condition that an electron be able to reach a point in the intiwaction 
space is simply that Ve >0 or Oo — sa^ > (1 — y/2)s'^ — 1. This 
appears quite clearly as a consequence of the fact that the motion now 
takes place in a conservative potential field. So far as it has been possible 
to check this inequality experimentally it appears to be universally 
confirmed. In order to make the comparison it is necessary to know the 
r-f voltages within the tube, and this information is generally not avail¬ 
able. If the data shown in Sec. 7-7 are examined, it will be found that 
under all circumstances the sum of the d-c voltage and the r-f voltage 

‘ J. C. Slater, “Theory of Mugiietron Operation,” III. Report No. 43-28. 

“ This voltiLge is the threshold voltage defined in the next sertion. As Eq. (75) 
will show, there is only one magnetic field at which threshold and cutoff voltage can 
he equal. 


= jVe 

Mild 

I - I = 2(1 - r)s. 
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exceeds (7rc/nX)ra[(l — l/Sa)Bo — (mw/e)] which is the form taken by 
the inequality when written in ordinary variables. The inequality 
provides information about the d-c voltage only when the r-f voltage is 
taken to be vanishingly small. Under such circumstances one has 


or at the anode 


flr, § (1 - t /2)52 - 1 


Fo ^ 9.42 X 10* --“ 
n\ 



nX 


(71 a) 

(716) 


The voltage defined by the equality sign in Eqs. (71a) and (71b) is known 
as the threshold voltage. Its significance for the operation of magnetrons 
was first pointed out by Hartree;^ essentially the same form had been 
found by Posthumus^ for the case of vanishingly small cathode radius. 
It may be thought of as the minimum d-c voltage that will permit 
electrons to reach a point in the interaction space as the r-f voltage is 
made vanishingly small. It therefore plays a role for the multisegment 
(or tangential resonance) type of magnetron analogous to that of the 
Hull or cutoff voltage in a magnetron with cylindritail symmetry. The 
relation between the two formulas may be seen if Eq. (54b) is integrated 
in the form 

^ _ 1 + T, = (_1 + T, / (72) 


and the residf substituted in Eq. ((if)) 


= 2y(ai, — sa^) — y(2 — -y)S" + 2y, 

+ +t[<’ 

= 2y(ai, — sa^). {7:i] 




Then in the absence of tangential lields (dVh:/d\l/ = 0) 
satisfied by (an — ^3^) is simply 


7(an - sa^) 



the condition 


(74) 


This is the classical Hull formula giving the maximum radius that an 
electron can attain in a constant magnetic field under a given voltage. 
Using an obvious notation one has 

* D. R. Hartreo, CVD Report No. 1536, Mag. 17. 

* K. Posthumus, Wireless Eng. and Exp. M^ireless^ 12, 126 (1935). 



Sec. 6-61 


THE NONRELATIVISTIC EQUATION!^ 


239 


7(0n ■SQ*)huI1 y{Ol) iO^jthrmhnW 


=K- 0 ’ 


^ 1 
~ 2 
^ 1 
“ 2 
^ 0 . 


(7 — l)s + 




/ 


i]’ 

]■' 


+ y 


dVs 

d}p 


(75) 


The threshold voltage thus lies below the Hull voltage save at the point 
(7 — l)s = “l/s or -y — \ — l /s-; at this point the eurves of threshold 
and Hull voltage as functions of 7 have a point of common tangency. 

It is found experimentally that if the threshold voltage given by Eq. 
(71 f)) be plotted against Bu, the straight line residting is generally very 
nearly parallel to the constant-current lines in the Tn, B^ representation 
of magnetron performance. Depi^nding ui)on the value of the thresh¬ 
old, or Hartree line as it is frequently known, lies above or below the 
Vqj Bn line foi* extrapolated zero current, l)y dilTerent amounts. Strictly 
speaking it should coincide with the zero-current line, and the data shown 
in Sec. 7-7 indicate that at very low currents the constant Bu lines in a 
normal Fn, /o performance chart must be curved. This region of very 
low r-f voltage is almost unobservable experimentally because of the 
presence of leakage currents. Somewhat foiUiitously, for most mag¬ 
netrons operating with their normal loads and at normal currents, the 
constant-current lines in the i?i), Vu plane lie quite close to the Hartree 
line. The agreement is usually good to about one kilovolt. This fact 
has been of outstanding value in the design of magnetrons, since it 
permits the operating voltage at a given field to be estimated with 
sufficient actairacy in adA^ance. At the same time the good agreement 
between the operating voltage and the threshold voltage over a very wide 
range of magnetic fields provides a confirmation of the supposition that 
the electrons interact Avith only one rotating component of the total 
field. 

According to Kq. (35A) the energy that an electron contributes to 
the oscillating field measured by the difference between its potential 
energy in the scalar field Au and its kinetic energy is 




— mnr“w(^ + w) 
+ ccj ^ {r- — rl) 


?nur^u{\l/ + uj). 


((;.35A) 


Writing 


o^Bnrl 
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then 


ai«. = - 7 - - 1 + 

(760) 


f diao — s5*) , 

= 7 j dr, 

(76b^ 


and the efficiency of an individual electron rj is given by 


1 - 


flu — fllui 
flu 


(au - sfl^) + T 


/ 


a(Qn — sa^) 
d\l/ 


dr 


flu 


(77) 


The efficiency for vanishingly small r-f voltage and a d-c voltage equal 
to the threshold voltage may be written down directly; then since 
^ = 0 and 5a,p = 0, one finds 


sHl -y) - I 




(78) 


Efficiencies calculated from this expression are substantially higher 
than those observed in practice (for example, for the 3-cm strapped 
magnetron whose performance chart appears in Fig. G l, the calculated 
efficiencies are greater by a factor of 1.2 to 1.5). This might have been 
expected from the highly idealized conditions under which Eq. (78) was 
derived. At the same time, the unavoidable presence of leakage current 
in operating tubes lowers the efficiency in the very region of Ioav r-f 
amplitudes. Equation (78) indicates an identical efficiency per electron 


for magnetrons having the same value of — 

T 



This will no 


longer be true if the accurate expression for energy loss is used, but it 
corresponds roughly to a fact of experience, namely, that a loAver y 
(higher magnetic field) is needed for the same efficiency Avhen is 
decreased. As a rough working rule the connection between y and Sa 


may be assumed, indeed, to be 1 



= constant X y for the same 


efficiency. 

The actual over-all efficiency of the magnetron will be given by 


V = 


ess[s=(l - y) - 1 - + s5*] 

Gn pSS # 


(79) 


where the integrals are the sum of tAvo integrals over anode and cathode 
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separately. 


Equation (79) may be written as 


^ - t) - 1 ^ ^ 

an 


^ss{s^^ — 5 -^) d\l/ 


( 80 ) 


the first term of which is the expression in Eq. (78), if flo is the threshold 
voltage. 

The behavior of the energy loss function [Eq. (76)] is indicated by 
Figs. 610 and 6T1 which show the energy loss as a function of magnetic 
field at fixed load for a 3-cm strapped magnetron and as a function of 



2 4 6 6 la 12 14 16 IB 20 22 24 26 2B 


D-c current in amperes 

Kill. O" I 0.— Averagt! C!iit?rgy loss por ploctroii in kiluvolt.s !ih constant load for a typical 

3-ciTi strapped iiiiiKiieiniii with- iiiagiiptir; field in weliers/sq meter,-electron 

loss in kv. 

r-f and d-c voltages for a 10-cm strapped magnetron. It is of some 
interest to see that for the particular load of Fig. OTO the average energy 
loss per electron is remarkably independent of current, which indicates 
that the general behavior of the individual electrons is not much altered 
as the operating line is traversed but that the number of electrons 
increases. This may be accidental, since the evidence from Fig. 611 
is that the average energy loss is largely a function of r-f voltage and 
relatively independent of d-c voltage. One cannot be certain that the 
apparent maximum in the energy loss as a function of r-f voltage is real 
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or whether or not the presence of leakage current at low levels is giving 
low values of energy loss. The maximum energy loss observed under 
the conditions of Fig. 6T1 is 2-33, which compares with the value of 
■Sb(1 — t) — 1 of 3.5. It must be recalled that the average energy loss 
is diminished by inclusion of the energy gain due to electrons returning 
to the catht)de. 



flG. 6-11. —AveruKi' LMiLM^y Joss per L^liM'tron (in reductMl niiits) nt iirnistaiit inagnctin 

field with... d-r voltaKt' lanituui s in kv, --— r-f voltago nDiitours in kv,-elBr- 

li [)ii Ins.s in kv^ I'^iiujurfH in i)ui iMilln*se,s are rfdnred voltapes; d-i‘ valiiBs riilativn t[) tlii asli- 
old. JlpduBBd linpiir I’ni i ciit (hnusitieH are given by 1 /'M\. 

One further point may be noteri in connection with Eq. {7\\h). AVrit- 
ing the radial conduction current density as the r-f poAver must be 

I r/^ — 7 j # f (81) 

Ji) ./() J[i 

Ihit the first term is simply the r-f power delivered V)y the conduction 
current, and hence the second term must be the r-f power stipplied by the 
displacement current. It is worth while noting that the second term is 
the one from which the dominant contribution to the power arises while 
the first may and, in general, does represent a loss. This fact was pointed 
out by Slater.^ Equation (70?;) puts the energy loss in a form that shows 
clearly the contribution arising from the electron’s moving in a time 
varying potential, when it is recalled that d/Ot = — 

^ J. C. Slatr'r, "Theory of Magnetron Oppration,” TM^ lloport No. 4,^28. 
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The various forms of the expression for energy loss indicate that the 
latter will increase with 5„. This is seen from the leading term of Eq. (80) 
or the second term of Eq. (81) and arises from the fact that the larger 
5a is the longer the time the electron spends in the interaction space. 
If d{an — sh^)/d\l/ has the sign appropriate for a loss of energy over 
most of the path, the total loss will increase with transit time. Thus, 
from the standpoint of efficiency, 5„ would naturally be made large. 
There is no series of carefully controlled experiments to confirm the 
expected increase of efficiency with Sa, but all the scattered data confirm it. 

In practice, the choice of Sais determined by considerations connected 
with mode shifting. It appears to be true that for any number of 
oscillators N there is a maximum value of Sa beyond which operation 
will not take place consistently in the 7r-mode. Since mode shifting is 
in at least one aspect a starting problem, the lack of a theory of starting 
prohibits a determination of the maximum Sa- It is probably true, 
however, that the essential factor is that as is inci’easml, the ratio of 
the intensity of the 7r-mode held to that of the field of any other mode 
decreases for equal amplitudes at the anode when the ratio is measured 
at some point within the initial nonoscillating cloud of space charge. 
Thus the building-up of some other mode than the 7r-mode is more 
probable. 

6-7- Symmetrical States. —In this section the investigations that have 
been carried out on symmetrical states of the magnetron or those in 
which tlie potential has no angidar variation will be considered. Despite 
the very different conditions that prevail in a normal magnetron, it 
might be expected that the symmetrical states Avoidd bii of importance 
in the initiation of oscillations. Many of the difficulties that prevent 
exact integration of the equations of electron motion in the presence of a 
rotating potential wave persist in the symmetrical case, notably the 
difficulty of dealing Avith multistream states. In fact, the solutions 
of the S3mmctrical lu'oblem are sufficientl3^ tentative so that it is difficult 
to make them the foundation of a theory of starting for the tangcntial- 
lield type of magnetron. Because the problem is in some respects 
simpler than that Avhich includes rotating Avaves, it has been the sul)ject 
of considerable analytical and numerical work. It is proposed to outline 
some of this work mainly to bring out the difficulties involved and to 
indicate the relevance of the conclusions to the major problem. The 
discussion is based upon the Avork of Hartree, Allis, Brillouin, and 
Bloch^ and folloAvs most closely the Avork of Bloch. 

The equations of motion in the absence of a rotating field may be 
formed from Eqs. (54a) and (546) by letting y tend to zero and Avriting 

' D. R. Hartree, CVD Report, Mag. 23; Allis, RL Report No. 9S, Sec. V, 1941; 
L. Brillouin, AMP Report No. 129; F. Bloch, NDRC 15-411-175, 1945. 
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jVk = K2. This lf*ads tf) 

I ^ s^- - 2sif^ + ~ (82a) 

and 

(s-^j = 2 js, (826) 

(IT 


where V 2 is equal to (A7n[^/cBlrl)A [) and is independent of angle but may, 
however, now be a function of time. The second equation may be 
integrated; and putting ^ = 0 at 5 = 1, there follows 


^ = 1 - A. 


Substituting this value in \ ](\. (LS2a) one finds 


s = \ - s -j 


^2 

ds 


— — 5 — e_ 


The other equations are 

J_ ^ / dVA _ _ 1 

S (95 \ iis ) 5 (is 

and 


(502) = P7 




(83) 


(81) 


(85) 


(80) 


where the displacement current e>> must l)e included in the currenL 
Equation (86) leads to 

5(p5y - € 1 ) = yi, (87) 


where 1 is the reduced current per unit length and is independent of 5. 
Thus, using Eq. (85) 

d(e.s) _ diezs) , _ 

= ~yi 



and Eq. (84) takes its most compact form, 


( 88 ) 




(89) 
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Eqs. (87) and (89) have one very specialized solution which may be 
written down immediately. For suppose that S = 0 identically. Then 

’'■-K'-O- ' 

and 

.=|(>+p) (91) 

The solution represents a single-stream state in which all the electrons 
move in circles about the cathode with angular velocities given b} Eq. 
(83). The charge density is so disposed that the space-charge forces 
exactly balance the magnetic ones. The cloud of electrons extends out 
to some definite radius beyond which a logarithmic potential continues 
the solution to the anode when the voltage on the latter is less than 
i[sa — (iZ-So)]^- The potential at any point is exactly the Hull cutoff 
voltage, as one might expect, since 5 = 0. There is no radial current, 
since the charge density is everyw^here finite; this means that r has to 
be allowed to become indefinitely large in Eq. (89). This special solution 
was discovered by Elewett and R.amo^ for the case of negligible cathode 
radius and again by Brillouin f it is freiiuently referred to as the Erillouin 
steady state. It will be described here as a type S state, indicating 
that it is a single-stream state. It may be observed that an analogous 
state may be found when the exact relativistic equations of motion and 
field are used. It is necessary here to take into account the effect of the 
magnetic field of the circulating current. 

Another conceivable steady state is one in which the electrons return 
to the cathode after turning back at some point. In this case there will 
be a double-stream or type D state. Since the voltage is to be considered 
constant, the current is constant and one may write 


s = 



(92) 


since there will be equal and opposite currents through any point of 
the interaction space. Consider iy as representing the ingoing or out¬ 
going current. Explicitly 

iy = I 

u'here / is the current per unit length. Evaluating one finds 

,-y = 4.55 X 10-= -Li- 

' .T. P. Blewett and S. Ramo, Phys. Rev. 57, 635 (1940). 

- L. Brillouin, Phys. Rev. 60, 385 (1941), and 66, 166 (1942). 
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For the values of /, /n, and B common in operating magnetrons 17 will 
be quite small. Solutions of Eqs. (89) and (92) with 5 = 1, 5 = 0 at 
7 = 0 have l)oen investigated by Allis and others. It may be shown 
that for ly tending to zero, 5 > 0 for all s < 2.271 and, hence, that no 
type D state is possible for cloud radii less than 2.271. For zy not 
zero, numerical integration must be resorted to, and Allis, Ilartree, and 
Hrillouin have shown in this way that a slightly lower critical cloud 
radius is found. The value of this radius appears to approach a limit 
close to 2 as ly becomes large. Thus, in a tube for which Sa > 2.271 it 
appears that as the anode voltage is raised, no type D state will be possible 
until the voltage exceeds a certain minimum value; such a state will 
exist over a certain range of voltages, after which current will be drawn 
to the anode. 

A question that has been treated extensively by Uloch is that of the 
ti’ansient phenomena occurring in those cases wliere i is not constant in 
time. Writing Eq. (89) in the form 

-sl = S'- — s" + 0(r,Ti)), 

where 

0(t,Ti,) ^ ^ J yi (It, 

it. will be supposed that yi <3C I for all t. which, as was remarked 
above, will bt' true over the usual rjiiige of paramettn’s. The linear 
case will l)e considered also because of its jiecidiar features. Putting 

5 = 1+ - and allowing ^ , J'ai. (9.‘h/.) l)ecomes 

^'c 

y = —l/y + 7 ’o0(t,t„). (94a) 

This is simply the ecpiation of a harmonic oscillator subject to a driving 
force rr 0 (T,rii). A solution is retiuired with y = 0 , y = 0 at r = rn. 
The problem admits of an exact solution. Considering a function 
?yn(T,T') such that 

^ + iy« = ^!i + = 0 ( 94 &) 

and 

J/„(t',t')=0 = 1, 

one may multiply Eq. (94a) by yo and Eq. (94[>) by —y. Then, adding 
the results and integrating from to to t', one has 


(98 a) 
(98C) 


( 95 ) 
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— Z/C'tO = 2/i)(Tn,T') ^ (m) — t/Ctd) (rn,T') + j rc0(T,To)yo(r,r') 

Observing the boundary conditions on 

2/('r') = — f rc0(T,Tn)2/o(T,T') dr. (9b) 

A suitable choice for the function ?yu(T,T') is i sin 2(t — r'), and thus E(i. 
(96) becomes 

yir) = — ^ j rc0(r',TD) sin 2 (t' — r) dr'. (97) 

J To 


Consider, now, 9 ^(t)/5to. From Eq. (97) 


3to 



^b’c0(r',r(j)] 


3td 


- sin 2 (r' — r) r/r^ 



^■cT*(^ii) sin 2 (t' 


— t) dr' 


= — ^ [1 — cos 2 (tu — r)] 

< 0 since i(^n) ^ 0 . 


since 0 (t(,,tj) = 0 


(98) 


This, however, is exactly the condition that electron orbits shall not 
cross, for it implies that at any given time an electron emitted later than 
another lies closer to the cathode than does the latter. The state is 
thus of type S. The result is independent of the variation of current 
and hence of that of the voltage. On the other hand, if the condition of 
space-charge limitation is relaxed, Brillouin has shoAvn that the orbits do 
cross. Although the orbits do not actually cross in the case considered 
above, they may touch and, indeed, will do so when to — r = (?i + ^) 7 r. 
There will then exist curves in space defined by this equation with which 
the orbits have tangential contact; the charge density on such curves will 
be indefinitely large. This appears to be an instance in which the inclu¬ 
sion of an initial velocity distribution for the electrons might be expected 
to modify the results very considerably, but this point has not been 
investigated. 

The situation in the cylindrical case is considerably more complicated, 
and the nature of the results quite different. To make progress by 
analytical means it is necessary to suppose that ( 71 ) 1 . Then 

0(r,ro) is a slowly varying function of r. If this be so, an approximate 
solution of Eq. (93a) is seen to be given by So, where 


si - 57^ = 0(r,To), 


( 99 ) 
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for So defined by Eq. (9D) is a slowly varying function of t, and lo will 
be small. 

Suppose then that 

s = sq + X, ( 100 ) 

where x is capable of being written in the form 

a: = \Xr + \‘^X2 + X^X3 + ■ ■ ■ 

in which X is of the order of dtftfdT and, hence, X ^ 1. Substituting 
Eq. (100) in Eq. (93a) one has 

i + 2(1 + v")x = -h+ (5r' + 557^)0:2 _ (s^‘2 

+ 9s-^)x^ + (5^^ + 14j^^)a:^ - ■ ■ ■ . (101) 

This is, once again, the equation of an oscillator driven by the forces 
represented by the light-harid side. There is, however, the important 
distinction that the frequency of the oscillator is slowly changing l)ecause 
of the dependence of Sq upon t . The total motion of the electron thus 
consists of a slow drift, monotonically away from the cathode, given by 
So(t,T()), superimf)osed upon which is an oscillatory term with adiabatically 
varying frequency. The secular motion becomes more sluggish as 
30/dT or i-^O. Etpiation (101) may be solved correctly to the first 
order in d(/)/dr by neglecting the terms in a-, x’’^, etc., provided that 
solutions of 

.r + 2(1 + 5,r')a- = j + wlir,Tu)x = 0 (102) 

are available correct to the first order in Off)/Or. To obtain these intro¬ 
duce 0 (t,tii) = / wi(t',to) f/r' and write x = exp f z dd' \ then in such 
Jto yo 

variables Eq. (102) becomes 




2 1 

4- 

^ 66 

ou 

(103a) 

Putting z = 

±i 

p, where 

p is of the order of d0/9T, one has 

to the 

first-order 







dp _ 
66 

— n _ • d log Wi 

- +2ip +z 

(103b) 

or, integrating, 





p = 



(103c) 

and 




X = exp 

±iB ± 

i de' 

jo ~~de'~ ^ ~ 

(103d) 
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Integrating by parts 

X = 55P exp ( exp + 2^(0 — 6') dd\ (lOSe) 

Provided that the variation of current is reasonably uniform, the last 
integral will be of the order of dui/dO or d^/^r. Thus, the zero-order 
solutions are of the form 

y = ^^exp ± iit). (104) 

V<^i 

'The solution of Eq. (101), correct to first-order terms, may now be found 
as it was in the linear ease, where for the function yi)(r,r') one uses 


yoiry) 


sin (61 - O') 

a/Q) i(T,r())wi(r',To) 


(105) 


This satisfies the condition that dyo(T'y)/dr — 1, since 39/Ot = wi{Tja) 
by definition. Making use of Eq. (95) and noting that the driving 
term is — lu, one has 

y('^') — ~I^n(ro,T') - - (to) + (ro,T )x(Tn) + f lo('r,Tu)yo(T,T') dr. 

(109) 

Now, S[) -|- a: satisfies the boundary conditions 5» -f .r = 1 and 5o + x = 0 
at T = To; thus, .r(Tn,T()) = 0 and d.r(Tn,rn)/d7; = — 50 (^ 0 ,to). Thus, Eq. 
(109) becomes, using Eq. (105), 


y(r) = — Sri(Tn,ro) — 


sin 9' 


+ 


v" ciJi(Tn,rn)coi(T',To) 


/: 


ln(T,Tn) 


sin {9 — 9') dr 


y/ W](T,Tn)cJi(T',Tn) 

’ (107) 


Since aji(To,TD) = 2 and because 2Sn(5o + ■'’) = d0(T,rD)/dT, which 

implies 5 ,j(To,ro) = i(d0(T(,,ro)/dT), the final result for the motion correct 
to first-order terms in d^/dr is 


r \ / \ sin 0 d0 , 

5(T,ro) = So(t,To) - -- 7 ^^ ^ 

4 v2cjJi(T,ro) 

+ 

If this is to be a type S state, 


( 108 ) 


\/ Wi(r,ro)a;i(r',r(,) 


— < 0 for all To and r. 

dro 
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Differentiating with respect to td and retaining only terms of zero and 
first order, 

ds _ 0So _ 0 (td ,Td) __0('rn,Tn) 

dro dTo 4 '\/2cji(t,To) 

sin 6 


+ So('ri),Tn) 


V wi(T,T[))wi(Tn,Tn) 


4 

+ 


cos 6 ^ 

V2wi(t,Td) ^^0 


I'"'' r SoiTajn) _■ 

Jr„ \_\/i^l{T,To)u3l(T\Ti^ _ 


'fdO' _ do\ 

\0To rJTo/ 


CDS (0' — 6) dr ■ (100) 




cos {O' — B) dr 


To the first order, the second and fourth terms cancel, leaving 
3s _ dSo 0(Tn,Tn) cos 0 30 

3to 3tu 4 

^/:[v 

furthermore, 
and 

So one has 


V2L0l(T,Tn) ^T|) 
lo(Tn,Tn) ' r 

/DO' 

30 

(T,Tn)ui(T',T||) J L 

yoTn 

3tq 

35q 

0(to,To) 


(ilO) 


flro 


2(5u + 

+ 0(^0,To) (1 — SSiT'') 


flrs 2(so + V) 4(so + 5,7®) = 


0(to,to)^. 


3s _ _ 0(Tii,Tn) I" 
dro 4 


5II + 


+ 


cos ff 


60 


+ 


r 


V2aJi(T,Tn) I 
30' __ 

0(Tn,ro) 3to 3t„ 


2{So + 5,,^) \/QJi(T,To)wi(r',To) 


cos (O' - 0) dr. (Ill) 


This reduces, as it should, to Eq. (98) when 5 = 1 + (y/r^) and 
for then 5n = 1,0' = 2(r' — tq), and cui(t,tii) = 2. The conditions for 
ds/dri) < 0 are now more complicated than they were in the linear case 
if 0(ro,ro), or, in other words, the current, is allowed to vary in an unre¬ 
stricted fashion. If the current is small enough and its rate of change is 
also small and regular, the integral term in Eq. (Ill) may be ignored 
and the condition for a type S solution becomes 


Sn + 5(, 


By its definition 
d 

dr 


\/2wi(t,To) 


00 


3ti 


(112fi) 


( _ ^ ^Ci3i(t,To) ^To) 

\ dro/ ■ Btq dr i(t) 

_ ^ _L 3tOl(T',To) i(to) , 

- c.x(r,,r„) ,-(7) dr . 


60 

6Ta 


( 1121 ) 
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Thus, even for small eurrents, the form of 50/^Tn varies considerably 
according to the law of current. AVhen i is constant, 


= Q)i(r,T„) = V'2(l + s/) 

OTq 

and the condition in Eq. (112a) becomes 



Si) < 2.271. 


(112c) 


(112f/) 


Thus, a solution of type S exists as long as the cloud radius is less than 
2.271; this is the same limiting radius found by Allis as the lower limit 
of cloud radii for which a type D state was possible. It may, indeed, be 
shown that for finite currents there always exists a critical nivlius separat¬ 
ing type S and type D states. 

Now suppose that i is no longer constant but increases or decreases 
monotonically, remaining at all times small, however. Since oji steadily 
decreases with t, is negative; and then for positive currents, from 

Eq, {\\2h)j —dd/dTo must also decrease monotonically with t. If i 
increases monotonically, i(Tn)/i(T) < 1 for all t; and using Eq. (1125) 
again, one has 


2 > 


dO 




(113) 


kSince the condition for breakdown of a type S state is Eep (112a) or 


5o + 5;;-® dTn\' 


this may be combined with Eq. (113) to give an ineiiuality for the critit-al 
radius 


or 


2 ^^ V^i(t,t,)) 

Sn + 


> LOj 


This yields 


So(l + So ‘^) 


2'nl T 


2.271 > > 1.431. 


(114) 


There is thus a critical cloud radius between these limits, the exact value 
of which hinges upon the law followed by the current at which a type s 
state becomes impossible. Since Allis' work shows that there is no type 
f) state, it would appear that under a condition of increasing anode 
v[)ltage, if a single-stream state is set up when < 1.434, this must 
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break up into some transient state until the voltage is high enough to 
give a cloud radius greater than 2.271. 

When the current decreases monotonically [i(Tn)/i(T)] > 1, the integral 
term from Eq. (1125) decreases faster than wi(t,to) and furthermore 
— dd/dro < wi(to,T[)). Two things may happen: If \ — de/dTf^\ < cji(to,to), 
the condition for the breakdown of the S state Eq. (112a) is altered to 
give a larger value of Sq and the S state may persist beyond = 2.271; 
whereas if | —30/3ro| > coi(to,to), as may happen if —dO/dro becomes 
sufficiently negative, the breakdown condition, as in the case of a monoton¬ 
ically increasing current, becomes more severe and the S state breaks 
down for cloud radii less than 2.271. 

Finally suppose that a small current flows for a certain time after 
which it becomes zero. Then 


5 wi(t,T||) _ — 85 ;, “ dSii 

Otu f^Tn 


85 , 7 '' 1 d 

aji(T,T|)) 2(s,i 4 - Otu 



(115) 


For T > 7’, this expression becomes 


c)cJi(T,rn) 

5tii 

and, from Eq. (1 12?;), 




I _ -JSo/ T«(t(i) „ 

2ir 


~ a positive constant, r > T. 


It follows that dO/dTii can become as large as one pleases after sufficiently 
long times. Thus the instability criterion Eq. (112a) shows that a cloud 
of any radius established during the flow of current becomes unstable 
after a sufficient length of time. The length of time required for the 
instability to appear will be of the order of l/ 7 i(ro). 

This review of the work which has been carried out on the symmetric 
states of magnetrons has indicated the unsatisfactory status of the analy¬ 
sis. There are essentially no experimental data to confirm or to con¬ 
tradict any of the tentative conclusions reached; and in fact, it is not 
clear for those cases of greatest interest in Avhich no anode current 
is drawn how experiment would distinguish among the various states of 
electron flow. Probe measurements would invalidate the assumption 
of azimuthal symmetry. 

One or two points may be noted. One is the connection between the 
cylindrical and linear problems. The solution of the linear problem 
has a very artificial appearance. The appearance of a series of layers 
on which neighboring orbits touch, as indicated by Eq. (98), thus giving 
an infinite charge density, would probably be modified if an initial dis¬ 
tribution of electron velocities was included. Furthermore the slightest 



Sec. 6-81 THE BVNEMANN SMALL-AMPLITUDE THEORY 


253 


curvature of the cathode surface, in the concave sense, will give rise to a 
crossing of orbits, while in the convex sense, it will cause the orbits no 
longer to touch. If a linear flow of the type indicated by the solution 
(98) initially existed, a small curvature applied to the cathode would 
render it unstable, since the cloud radius would be less than 2.271rc. 
Presumably, however, it would be quasi-stable in the sense that a con¬ 
siderable time would elapse before the initial organization was destroyed. 
This raises the question whether or not there may not be states with 
cloud radius > 2.271 times the cathode radius which are effectively stable, 
in the sense that over periods of time which are comparable to the starting 
time of the magnetron, they would maintain a potential distribution and a 
cloud radius closely comparable to that of the Brillouin steady state. 
In this connection it should be noted that in double-stream states, where 
they can exist, the potential distribution is always close to l/ 27[5 — 
unless very large radial currents are flowing. 

6-B. The Bunemann Small-amplitude Theory. —The only serious 
investigation of the conditions under which tangential resonance oscil¬ 
lations will build up in a magnetron has been made in an extensive report 
by 0. Bunemann.^ It cannot be claimed that Bimemann’s results are 
conclusive or that the assumptions of his treatment are completely sound. 
However, the viewpoint taken in the paper is illuminating, and it will 
be discussed here rather fully. 

Bunemann’s approach is to assume an initial state of electronic motion 
that has azimuthal symmetry under conditions of constant d-c voltage 
and magnetic field. It is then supposed that a rotating r-f wave of very 
small amplitude, of frequency wo and angvdar velocity w = wn/vi, is 
imposed on the anode. The small perturbations of the original steady 
state are then worked out, taking into account the equations of 
motion, the equation of continuity, and Poisson's equation. In this 
way the impedances of the electron cloud is calculated and the wave 
impedances Avithin and without the cloud are matched. The variation 
with frequency of the impedance of the charge cloud is studied and is 
shoAvn to be such as to lead, under some conditions of voltage, magnetic 
field, and frequency, to a state in Avhich oscillations Avill build up spon¬ 
taneously. The analysis is then extended in a more speculative manner 
to determine the rate of buildup of oscillations with various loads. 

This formulation of the problem appears to simplify the true state 
of affairs, for it divides the process of initiation of oscillations into two 
stages: (1) the establishment of a steady azimuthally symmetric state 
Avhich is supposed to persist Avhile the anode voltage remains constant, 
(2) the breakup of this state under the angle-dependent rotating perturba- 

' D. lluncniann, "A Small Amplitude Theory for Magnetrons," OVD Report, 
Mag. 37, 1944. 
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tion. In practice one has a d-c voltage that increases steadily during 
the process. If the time of rise of the voltage be taken to be 0.04 /isec, 
which is fairly typical, this becomes, in terms of the unit of time 2m/eBo, 
equal to 3.6 X lO^iio (^o in kilogauss). A typical rate of rise in 
reduced units gives da^s/dr ~5 X /rlBl) (MKS). It is evident 

that the rate at which the voltage rises is indeed slow in terms of the 
natural units, occupying many Larmor periods. Thus it is probably 
satisfactory to consider the problem as a static one. 



Fii;. 0-12. —JUidius of Brillfuiiii stpiiily-statp r.iuud a.s a fiiTiclioii of 7 , for various aiioili' 
radii Va, when the anode voltage is eiiiial to the threshold voltage. Log is 

plotted against 7 for various values of log ranodcAcathodD. The boundary curve shows the 
radius of the stationary layer. 

The state chosen by Ihiiiemann as an initial state for the electrons 
is the Brillouin steady state in which the radial current is zero and the 
electrons move about the cathode on concentric circles. As has been 
shown in the previous section, if the cloud radius is less than 2.271, no 
stationary double-stream solution with zero radial current and constant 
anode voltage is possible. The only single-stream state for vanishing 
radial current is the Brillouin one. In Fig. 6 T 2 the radius of the Brillouin 
steady state is shown for various anode to cathode ratios and values of 7 
Avhen it is assumed that the anode voltage is given by the threshold 
voltage. This assumption is a reasonable one, since the cloud radius does 
not vary rapidly with anode voltage and the magnetron certainly operates 
near the threshold voltage. It may be seen that for most practical cases 
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the cloud radius under these conditions is less than 2.271. While the 
result that only the Brillouin steady state is possible as a stationary 
condition for fixed anode voltage must be accepted, it must also be 
recalled that liloch^s analysis indicates that when the anode voltage is 
actually varying, the motion may be more complicated. It cannot then 
be said that the establishment of the Brillouin steady state under a slowly 
rising voltage has been unequivocall}'' shown. 

The conditions in the Brillouin state are described by the equations 


So = 0, (llTa) 

= 1 — 7 — (1176) 

= (llTd) 


where the zero subscript refers to unperturbed values. If the perturbed 
state be also a type S state, then one may introduce a single-valued 
''velocity potential,” from which the velocities may be derived [see 
Eq. (SOW, SliV)]. In the nonrelativistic case the velocity potential may 
be introduced directly from Eq. (70), 

S - (IIS.) 

- ' + ’ + Ji) ■ I*’ 

where / is chosen so that df/ds and dfld\[/ vanish at 5 = 1. For the 
unperturbed state, evidently / = 0. Equation (09) takes the form 



(119) 

( 120 ) 


and neglecting squares of df/ds and df/d^', one has 

TOi = (^1 - T - j,) (121a) 

If the perturbations are now such that their dependence on angle is given 
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by then if / = and Ci = |ci|c-"-*, 

W = - 7(1 -T-^,)l/|. (1215) 

It is generally the case, as a study of Fig. 0 12 will shoAV, that 
\ — y — ( 1 / 52 ) passes through zero within the cloud and at that point 
the linear term in will not be large compared Avith the quadratic 

ones. Equation (121?;), however, gives correctly the term in the volt¬ 
age perturbation that varies as Physically, the vanishing of 

1 — y — ( 1 / 5 ^) corresponds to the presence of a layer of charge that is at 
rest in the rotating system. Shells of electrons AAithin this layer have 
negative angular velocities; those without it, positive angular velocities. 

Substituting £io + Oi in Poisson’s equation 


I ^ I I I I 


( 122 ) 


where pi = |pi|c“"^'^ is the perturbation of the charge density. Finally, 
one has the equation of continuity 


+ e,.]s[] -T,_ =0, 


(123(1,) 


or, correct to first-order ternis, 




2rC- 

yS 


(1 + 7) I/I = 0- ( 1235 ) 


Eliminating |ai| and |pi| between Eqs. (1215), (122), and (123?;), one finds 
for I/I the second-order equation 


d 

~dt 


0\f\' 

dt 


= (A + B)\fl 


Avhere t is given by s = and thus, 


and 


^ _ 5 d 
dt n ds 




(124) 


(125o) 

(1255) 
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The value of t at the anode for practical magnetrons is very nearly con¬ 
stant. The form taken by Eq. (124) for large n may be found as before 
by writing s = = 1 + (Xo/rc)! or f ~ 27rf. It is 

^(1 _ = (1 - r)|/|, (126) 

where 

= 2. (t - i). 


Equation (124) forms the basis of llunemann’s analysis. Since it is a 
linear differential equation of the second order, it is impossible for 
I/I and d\J\/dt to vanish at the same point, without |f| vanishing identi¬ 
cally. Equation (124), therefore, indicates that the perturbations of 
voltage and of radial field cannot vanish simultaneously; in particular, 
they cannot both vanish at the cathode. Thus, if the potential vanishes 
at the cathode, neither the radial field nor the radial velocity can vanish 
there. Bunemann endeavors to avoid the difficulty caused by this 
conclusion, which ai)pears to be in conflict with the usual assumption of 
space-charge limitation and vanishing initial velocity, by asserting that 
these conditions properly apply to the total radial field and velocity, but 
not to any one Fourier component. 

The nature of the difficulty may be brought out by considering more 
closely the behavior of / close to the cathode. Suppose that the case 
of radial symmetry be examined; the azimuthal variation does not affect 
the conclusions. Then if there is an outgoing current i, 


^vith 



(127) 


(128) 


Combining these into an etjuation for dffds^ one has 


^ A 

dS dS 



= 2ji. 


(129) 


Near to the cathode (s = 1), / behaves like |(9 t*72)’^'^(s — 1)®^'*. The 
thickness of the sheath close to the cathode in which / follows this law 
niay be estimated by equating 5 — (1/s) and df/ds. This gives, 
~ 1 + ttjt*- The charge contained in the sheath varies as i, 
while the charge density varies as (5 — 1)“"^^. It is also evident that 
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beyond the sheath one will have 



1 

_ 

ds 2y a 

5 ^ (s ^Y1 


L as V s) J 


(130) 


If the Brillouin steady state be imagined as derived from such a solu¬ 
tion by allowing i to tend to zero, it is clear that conditions at the cathode 
will be somewhat peculiar, since for any finite i however small, / will 
behave like (5 — 1)^-' through a sheath tVti in thickness. Thus, in Buiie- 
mann’s analysis, if the perturbation causes currents to flow at any part of 
the cathode, / will be of the order (5 — 1)^'^ and the term {df/dsY in Eq. 
(130) will be of a lower order than/ over a distance of the order of i from 
the cathode. Bunemann ignores this sheath and puts / = 0 essentially 
at a distance i from the cathode, where, in fact, / is about 


3 

5 



(s - !)'■■ 


_3 

tiU) 




It would appear that this is justifiable.^ 

Accepting the validity of these arguments one may consider Eq. (124). 
This has certain features which are independent of n. It has always 
two singular points, which may be labeled s+ and given by 

A (j) = -2 (1 + (^1 - T - = 0. (131aj 


This may be written as 

= nb± ± VI - 2b± + 2bl, (1316) 

where b = i(l — 1/5^) and runs from 1 to i(l — 57 ^). The radius 
at which the unperturbed velocity vanishes in the rotating system is 
given by 


1 - To - t = 0 y = 2b„, or = nbo = tS. (131c) 

Figures 6T3a, 6, and c shoAv or ttS as a function of 5+, b_,and bo 

for three values of n, (n = 4), (n = 8), and (n = °o). 

The variable ttS must be thought of as running from — □© to — 
since one is interested in perturbing waves running in either direction. 
Considering a fixed 5, or a fixed frequency and fixed magnetic field, 

^ Seo in this connection, W. E. Lamb and M. Phillips, Jour. Ayp. Phys.^ IB, 230 
(1947). 
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the cloud radius will increase as the applied voltage increases. Thus, b^iaud 
will increase steadily from zero, and the cloud will contain all values 
of b between 0 and bdoui- From Figs. 6-13a, b and c, it may be seen 




Fici. 613.— (a) llarlii of the two singular .streams anil the stationary stream as a fune- 
tioii of mcjn/cB for n == 4. The fiinetion 6 = J(l — y^caihiKie/r^) is plotted. The broken 
line represBiits a typical value for the anode radius, and the dotted line indicates the cloud 
radius when the anode voltage is equal to the threshold voltage. (b) Same for il = 8. 
(c) Location of the singular streams and stationary stream as a function of Tnb}\i/eB for 
n = oo. The variable ‘Jiriy/Xa), where Xo is the wavelength of the field in the interaction 
space, is plotted. The cloud radius coincides with that of the stationary layer when 
the anode voltage is equal to the threshold voltage for each case. 


that when ttS < —1 , none of 5^, So, or is within the cloud; for 
— 1 < ttS < 0 ,5+is included for a sufficiently high voltage; for 0 < ttS < 1 , 
Sq is first included, then s+; for 1 < ttS, S-, Sq, and are successively 
included as V increases. Not all cases may be realized, since bdoun < bnnpiiB- 
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The values of b corresponding to the threshold voltage as the anode 
have also been plotted; for n = » the stationary layer is exactly at 
the cloud boundary when the threshold voltage is on the anode. Clearly 
the presence or absence of the singularities depends upon voltage, 
magnetic field, and frequency. The singularities have some physical 
significance, for n[l — 7 — ( 1 /s^)] is the frequency with which the 
electrons encounter the variations in potential while, as was shown 
previously, y/2[\ + (l/s"^)] is the local frequency of oscillation of the 
space charge in a cylindrically symmetric field. The two singularities 
correspond to resonance between these frequencies. The two roots 
appear from the two senses of rotation of the electrons; they are separated 
by the root for the stationary layer as they should be. 

It is now necessary to derive an expression for the wave admittance 
Hz/E^ at the surface of the space-charge cloud. Some care is necessary, 
since a quasi-static approximation is being used. One has 



neglecting compared with 1 and putting Vi = do — 

Between the concentric circles that bound the perturbed layer of the 
space charge there is an r-f surface current of magnitude +pnAr(i/'() -|- w), 
where A is the amplitude of the perturbation of the surface. A may be 
found from the equation^ 


Thus, 


and 




or A 


dr 

njin 




//z(inside) -|- ff(surface current) 

dVt _ ^ df ^r df/h + A 

dr nj dr nj \ / 


dV\ . p»r u df 

toeor —-1-r - 

dr nj dr 


E, 



(133) 


(134a) 


(134b) 


1 An unreduced f is used at this point. 
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9VI . por df\ 


/u.e A _1 / 
\ J )nVr\ 


V _ H: _ r / dVI par 0 } SJ\ 

ri/y, dr 


y '' ^ _l _j_ f'U' 

, dr iunj^a dr, 


= -O’l 


nKi \ dr 


w here Fo = we nr 

Tn redueed variables 


1 r d(yai) On df 
yoi |_ dt njJ/Q 


(135?)) 


Sinee, according to Eq. (121a) yoi = —[1-y — {[/5^)]njf 

+ 4, f, 03. 

g f 

w here g = I — y — (l/^-) 

Substituting for Af'/f in Eq. (121), one obtains the equation for P 


= -1 +P^ + - + 

dt a- 




— 1 


where 


or, for Q = 1/P, the normalized impedance 


■1 + QM I 


9_ 

- 1 


For n —^ °o this becomes 


\ f'V t'“ - I 


(138a) 


(1386) 


where, as before, t' = 27r(tr — 5/2). 

The Eq. (138a) has to be integrated up to the surface of the charge 
cloud with the condition that Q = 0 at ^ = 0. It may be well to empha¬ 
size that these equations do not describe the variation of admittance 
or impedance as one moves through a cloud of fixed radius but rather 
represent the variation of these quantities at the surface of the cloud 
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as the radius of the latter is varied (say by increasing the voltage). 
Functionally P, Q = P, Q{s^, n, 7 ). The singularities of Eqs. (137) 
and (138a) are the same as those of Eq. (124). The zero value of a does 
not lead to a singularity; for from Eq. (138a), if Sn or fo marks the sta¬ 
tionary layer, 

Q - {s — su)- or (t — ^))“ 


near Sq or to. This is the result as given V)y Ihinemann and is not strictly 
correct, since in the neighborhood of Su, the definition of A has to be 
modified in view of the vanishing of Examination shows that one has 

0 ~ 1^ 


Since So is a function of w (through 5), tlien, if oj = q.)|, + (lj — ujo) where 
5i)(t*Jn) = s, 


Q 



So(t*J») — (^ — t*^ii) 
awD 


wu 


dSo 

duo 


(139) 


Bunemann’s discussion of stability depends upon the following con¬ 
siderations concerning admittance functions. Consider an admittance 
G + jB (or an impedance It + jX) that is a function of the complex 
frequency cj + jtr. Then for networks and for any system whereby 
the admittance is calculated as a function of frequency by analytical 
means, G + jB is an analytic function of w -|- ja. Using the Cauchy- 
Riemann conditions, 

dG ^dB 

dii) da 

dG dB 

da dw 

Fur a circuit that is reactive for real frequencies (a = 0), one has Avhen 
a = 5a 

d B 

sa = - ^ 5a. (140) 

duj 


Thus if 6 cr is negative, corresponding to a slightly increasing amplitude 
of oscillation, 5G is positive for normal networks, since dB/duj > 0, 
and the network behaves like a load. But if dBfdbj were negative, 5G 
would be negative and any transient that started to build up would be 
aided by the circuit which could act as a generator. Thus a network, 
purely reactive for real frequencies, wdll be unstable if dB/dw < 0; 
similarly, when dX/du < 0. 

The behavior of Q (or P) musT then be studied as a function of fre- 
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qiieiiny. Consider / in the neighborhood of one of the singularities. 
Siiiee the zero of A is simple, if it occurs at t = corresponding to 
5 = s^, then / has the form C + log — f) or C' + log (s± — s). 

This may be inserted into the equation defining P which, noting that 
A (5±) = 0, becomes 


= ^ LX ri + -_ -1 _1+ ^ 

+ U ^ C' + log (s± - s) J ^ n(4 + Y] 


1 


C + log (s± — j) 


(141) 


Thp first logarithmic term dominates the second for n > 1. The plus 
sign refers to the left-hand (upper) hyperbola in Figs. (0-13); the minus 
sign to the right-hand (lower) one. As before, s±, defined by A(s±) = 0, 
is a function of to. Thus 


C + log (s± 
= C + log 
where 


- s) = C -h log [Sj^(u)) - s) 

^±(“±) + ^ ^ 


s±(“±) = 


C’"-hlog (« - co±), (142) 


Thus, the dominant part of — l"ri„„d, considered as a function of 
frcfpu'ncv for fixed cloud radius 5 in the neighV)orhood of a singular 
f re fluency is 


j _ 

1207!^ nc 


± 



+ log (1 




(143) 


Tlie logarithmic character of the singularity indicates that / acquires 
an imaginary part in passing a singular point and P (or Q) will acquire 
a real part. It is evident from this fact that in case tlie admittance 
gains a negative real part, the whole analysis has lieen extended into a 
region in which it is invalid. For if the space-charge cloutl^ is to act as a 
generator [Re(P) < 0] in a steady state, there must be a steady flow of 
energy into the resonant system. This, in turn, implies that electrons 
must flow to the anode, and this is incompatible with the earlier hypoth¬ 
esis of the small signal theory. Physically, then, one cannot safely 
carry the analysis beyond the singularities. 

If in some region / is complex, say / = /i + ji/ 2 , then the imaginary 
part of A {d log f/ds) is —/2/i)//i + fh the numerator is 

independent of t, since fi and /z individually satisfy Eq. (124). Sub¬ 
stituting in Eq. (141) defining P, it is seen that the conductance can 
change sign only at t+ or where/i and /z are discontinuous. Starting 
from a cloud radius of unity, the admittance will be purely susceptive 
and c' real. As the first singularity is passed, log (s± — s) acquires an 
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imaginary part ijTr whose sign depends upon the path by which the 
singularity is avoided. One is interested in a case where wo = wo + 
and a is slightly negative. Using the relation 


one has 


mowo 

eB 



TTln 3ciJo 

ds 



(144) 


and for n > 0, Scjo/as > 0, so that if 6too = 3^ where a is negative, then 
6/m(s) < 0 and the path of integration goes below the axis. This 
means that the logarithm increases by — ^tt. The term 


[C' + log (Su — 5)1 S 


therefore, acquires a positive imaginary part. Examining Eq. (N3) 
it is seen that the sign of the real part of Y is the same as that in front of 
the radical for wo < 0 and opposite to it for dd > 0. The b, ttS plane is 
now divided into reactive regions and regions of positive and negative 
conductance as shown in Fig. 0-13. The behavior in the region beyond 
the second singularity is ambiguous without special examination. 

From Eq. (143) for the admittance in a susceptive region close to a 
singularity, i.e., immediately to the right of the singular curves in Fig. 
6T1, it is found that the susceptance decreases with frequency to the 
right of the 5+ curve and increases to the right of the curve. Since 
in the neighborhood of the Sn curve the susceptance follows |uj — cjn| 
and therefore its variation nith frequency changes sign, it is reasonable 
to conjecture that throughout the susceptive region between the Sn and 
5+, the susceptance decreases with frequency. This has been verified 
by Bunemann by numerical integration of Etp (121) in several cases of 
different n values, and the behavior for the several n values turned 
out to be substantially alike. Tt thus appears that these regions will be 
unstable according to the criteria set up. Bunemann now pursues the 
analysis to obtain a match between the reactive part of the admittance 
and that of the load, leaving the real parts to adjust themselves. For 
sharply resonant circuits matching can be effected at a given too and B 
only for a narrow range of cloud radii. Thus, if Sa be also fixed, a nearly 
unique voltage is defined at which build-up can occur. Ihis ^^instability’^ 
voltage' will differ from the threshold voltage; one may expect the start- 

^This voltiigp has been calculated by Copley and Willshaw, G. E. C. Report 8490, 
August 1944, for several N and Sa. The application given there to □scill.'iting states 
is questionable. 
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ing voltage of the tube to exceed either. The inevitable presence of leak¬ 
age at low levels makes experimental check difficult. 

6-9. Analysis by the Method of Self-consistent Fields. —In the first 
sections of this chapter the equations of the magnetron are set up and 
discussed. The analytical difficulties that arise in their solution have 
been pointed out, and it has been found that many of these difficulties 
are carried over into the symmetrical case. The case in which tangential 
fields are present has been the subject of considerable numerical investiga¬ 
tion. This has not been carried so far as one might wish, but the results 
have given considerable insight into the operating conditions. The 
methods used are, in any event, of great importance. 

The problem may be stated once again to emphasize the aspects 
of interest. One has a static field, satisfying certain boundary conditions 
at the anode and cathode. In this field the electrons move, satisfying 
tlic equations of motion and the equation of continuity. \s a result of 
their motion, a charge density exists and the static field must be consistent 
with this density through Poisson^s equation. Thus, in the terminology 
of atomic physics, the problem is a self-consistent field problem. That is, 
the electron motions are determined by the fields in which they move; 
the fields are determined by the distribution of electrons. In the atomic 
problem of inany-electron energy levels, it may be recalled, the method 
of the self-consistent fiidd assumes a potential; the Schrodinger equation 
is solved for the motion of iiulividiial electrons in this potential; an 
effective charge distribution is found from the wave functions so deter¬ 
mined; and, finally, this charge distribution yields a new potential. A 
repetition of the calculations using the new potential will yield a second 
potential and so on. In general, the potentials and wave functions found 
in this way Avill converge to a set of values that satisfy all the equations 
of the problem. 

Similarly, in the present method, a potential distril)ution is first 
assumed that satisfies the boundary conditions and in the selection of 
which may be reflected any kiioAvdedge of the probable behavior of the 
fields. In this potential the electron trajectories are calculated by 
numerical means. From a sufficient number of orbits a charge distribu¬ 
tion may be calculated. From this charge distribution by virtue of a 
numerical solution of Poisson^s equation a new potential distribution 
is found. If this potential field agrees with the original field, the problem 
would be solved; if not, new orbits may be found and so on through 
the cycle of operations. Intelligent correction of the field may be made 
at any point. It may be anticipated that if the initial choice of field 
were a good one, the successive calculated potentials would show con¬ 
vergence to some limit, and this potential distribution, with its accom¬ 
panying orbits, would provide a solution of the original problem. 
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The method clearly has disadvantages in comparison with an approxi¬ 
mate analytical solution, for it provides information about only one set 
of initial conditions. Thus if the d-c voltage, r-f voltage, magnetic, 
field, or the interaction space dimensions are altered, the calculations 
must be started ab initio. If the new parameters are close to the old 
ones, it is probable that the assumption of the final field of one problem 
being the initial field of the next would lead to fairly rapid convergence. 
However, the labor involved is excessive Avith any except the more 
recent types of digital computers. On the other hand, a self-consistent 
field calculation carried through until the solution converges satisfactorily 
provides very definite information about the behavior of the magnetron 
under some assigned conditions. It thus enables one to see how the 
magnetron is actually working at some point. Combining this with the 
empirical fact that magnetron operation is not much affected by sub¬ 
stantial changes in operating parameters, it may be felt to furnish 
information about typical conditions. Thus, its value lies not so much 
in the particular numerical values that it yields as in giving an accurate 
physical picture of processes in the interaction space and in suggesting 
new lines of attack upon the analytical solution. 

The principal Avork in this direction has been carried out by Hartree 
and his coAvorkers at Manchester and by Stoner and his grouj) at Leeds. 
The discussion given here will be based principall}^ upon a report by 
Tibbs and Wright^ AAdiich is typical of the methods dcA^eloped. Atitually, 
only three cases have been studied extensively by the self-(;onsistent field 
method, and one of these cases shoAved a notable absence of convergence. 

The magnetron studied by Tibbs and Wright was a Ilritish 10-cm 
tube, the CV7fi, which had been the subject of earlier work by Ilartree- 
at loAv fields (1050 gauss, 7 = .520). The relevant parameters for their 
problem are 


N = % n = 4 

Anode radius. 

Cathode radius. ... 

Wavelength. . 

D-e voltage. 

ll-f voltage. 

Magnetic field. 

Observed eurrent. 

In reduced variables 

= 2.67, 
Qq = 5.85, 

<*i = = 1.75, 

y = 0.233. 

’ Tibbs and Wright, CVD Report, Mag. 41, 1945. 
* D. R. Hartree, CVD Report, Mag. 36, 1944. 


r„ =0.8 ein 
= 0.3 ein 
iO .O em 

28.5 kv 
8.55 kv 

2300 gauss 

17.5 amps/ 1 -Ill 
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The anode potential may be written as 


a = Qo + Qi cos nyp^ (145a) 

and the potential in the interaction space as 

a(5) = ao(^) + ai{s) cos + a_i(s) sin ujp 

+ 02 ( 5 ) cos 2n\l/ + ■ ' ■ (145^)) 

while the cathode emission density is 

j = ii) + ji "V" + j-\ sin n\l/ + jz cos 2n\l/ + • ■ ■ . (145c) 


It is assumed that, all but the first three terms of these series may be 
ignored. Then 


dOQ . dOi , , 

— ^-h ^ COS 7/^ + 

as as 

= — 00 — 01 COS 71^ ~ 


da^i . 

--— sm 7J^ 
ds 

0 _i sin mV', 


(145ii) 


where 0 ,. is the radial Held. 44ie initial procedure is to make estimates 
of 00 , ei, and 0 _i, from Avhicli the potentials are found in the form 



Experience indicates that the success of the self-consistent field 
method depends upon an intelligent choice of the initial fielils. These 
fields are usually subject to two conditions. Since current is being drawn, 
if sx)ace-charge limitation is to be adhered to, each of the functions 
011 , 01 and 0_] must behave close to the cathode like (s — 1)^^, as was 


slu)wn in the preceding section. This ensures 
field will behave correctly close to the cathode, 
eo, 0 i, and 0 _i must satisfy the conditions 

that the total radial 
In the second place, 


— flo = j 

r Sa 

f 0(1 

1 

(14f)o) 


-0. = J 

f“ e, ds, 

1 

(146&) 


0 - 

J 

r 

/ 0 _i ds. 

(146c) 


The cht)ice of 00 is suggested by the fact that near the cathode where 
tlie r-f fields are relatively weak, the electron motion should, in its d-c 
r umponent, resemble the motion in a magnetron without r-f and with 
the same d-c voltage on the anode. If the cloud radius exceeded 2.271, 
one could use the fields of the double-stream steady-state that have 
been found by numerical integration; for Sdoud < 2.271 one can make use 
of the single-stream state up to the first radius at which the electrons 
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have a point of inflexion (or r = 0). Thus, the computed diode field 
is used up to this radius and then fitted to a logarithmic potential beyond 
this point, corresponding to an absence of charge. In fitting, the peak 
in the diode field brought about by the large charge density at the junc¬ 
tion must be drastically smoothed out. 

Using known diode fields^ the initial cloud radius is found to be 1.49 
with the given conditions; this is only slightly different from the radius 
in the Brillouin state for this case, namely, 1.44. In smoothing out the 
field, regard has been paid to the fact that there is actuary d-c current 
in the whole interaction space, and the field has been made constant 
rather than of the form 1/s beyond the cloud radius. 

If there were no space charge, ei cos n\l/ Avould be of the form 


/ifli 


5" + 5 ” 

5a - 5 -" 


COS Hyp 

s 


(147) 


and this expression is chosen to represent ei in the region 1.1) < s < 2.07 
outside the cloud. A constant multipluu’ is introduced to satisfy the 
boundary conditions, (^lose to the cathode the field is of the form 
(s — 1)5^^, and this expression is used between 5 = 1 and 5 = -j;|. 
Between these two regions one has little guidance save from previous 
calculations, and these have indicated that the r-f fields vary very little 
with radius. Thus, ei is put equal to the value of the Laplace field 
at 5 = 1.6 and held constant between 5 = 1.0 and 5 = if. A is adjusted 
for fit at 5 = if, and the constant multiplier in the other fields adjusted 
to give ffi correctly at the anode. 

The selection of e_i is very arbitrary. It is put equal to D\s — I)'"’ 
from 5 = 1 to 5 = if. It is again assumed to be independent of 5 
from 5 = if to 5 = 1.0 but of only half the value of This makes 
the phase angle of the rotating field tan~* (e_i/ei) equal to — 2().5°. 
Beyond 5 = l.() it is made to fall off linearly in such a way that fl_i is zero 
at the anode. 

In order to have some means of testing the choice of a trial field 
without the labor of calculating several orbits, Tibbs and Wright intro¬ 
duce the idea of ‘‘favorable regions’’ of the field. The idea here is that 
it is possible to say that in certain parts of the interaction space an 
electron will continually lose energy. Thus, if it stays in those regions, 
it will eventually reach the anode. If an electron situated in the favor¬ 
able region (determined a pnaW) cannot reach the anode, the trial field 
may be rejected. Assuming for the moment that the phase of the r-f 
field does not change over the radial region of interest, one may Avrite 

-50^ = f{s) COS n^', 


^Stoner, CVD Report, Mag. 8, 1041. 
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where ^' = ^ + phase angle of r-f. Now considering one of the expres¬ 
sions for energy loss 

Oi™,. = sa^-y J dr, (148) 

this is undoubtedly positive for 7r/2 < n^f/' < tt; thus, this may be con¬ 
sidered a favorable region. Tibbs and Wright claim that 0 < nyf/' < 7 r /2 
is also a favorable region. Their argument depends upon combining 
Eqs. (54a) and (545) in the form 

, . 1 [, - , / lO.„,]■-» + . (,49) 

They point out that for 0 < < 7 r/ 2 , if 5 / 1 ( 7 ) is the radial coordinate 

in the absence of tangential forces, 

5 > 1/1. (150) 

Then, since an electron returns exactly to the cathode at the end of its 
first loop, when tangential fields are absent, it is asserted that the ine¬ 
quality (150) implies that an electron moving wholly in 0 < < ir/2 

will not return to the cathode. Tt is fairly clear that this does not fol¬ 
low from (150),^ and there seems to be no reason for thinking that 
0 < < 7 r /2 is actually a favorable region. The whole idea of 

“favorable regions^ is rendered of somewhat douldiul value, as Tibbs and 
Wright themselves admit, by the fact that electrons leave the cathode 
with angular velocity —7 and may possibly cross from favorable to 
unfavoral)le regions and vice versa. 

As a trial orbit the electron starting at nyp = 90°, w hich is in the region 
90° < n\l/' < 180°, both close to the cathode and in the diode region, is 
used. This orbit and another trial orbit are shown in Fig. (el4. It 
appears that the orbit is going to run over into the \infavorable region; 
and according to Tibbs and Wright, it does not reach the anode. The 
reason given for the failure of this trial field is that it makes the average 
tangential velocities come out too high, so that electrons pass from the 
favorable to the unfavorable region. In the diode field the angular 
velocity is 1 — 7 — l/s^; and if this is averaged to the edge of the cloud 
from the cathode, one has = 1 — T — l/'Sd.md- A possible choice 
of the diode field may now be made by making s^duii = 1/(1 ~ t), 
\vhich has the effect of making ifave = 0 , a^nd on the average an electron 
in a favorable region might be expected to {stay there. This leads to a 
new choice of cloud radius of s^oud = 1/(1 — 0.232). Simultaneously 

^ Consider the functions Ji = 1 — cost and S 2 = a — a cos t where a < 1, then 
-Si = 1 — 5i and I 2 = a — 5z; therefore, si > I 2 at the same value of s, but both 
Si and 52 start with 5 = i = 0 at r = 0, and both return to 5 = 0. 
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Flu. 6-14.—Eq^uivalent potential for rejected trial field in Tibbs and Wright's self- 
uunsistent field calculation. Two orbits are shown. Shaded regions are inacressible tu 
the eleetroins 





Fig. 6 - 16 .—Equivalent potential for acceptable trial field in sclf-consiatent field calcula¬ 
tion. Four orbits are shown. Shaded regions are iiiaiM'.essible to the electrons. Arrows 
indicate the direction of the secular motion of electrons. 
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5 

L'lCi. fi-lfi.'—Thn in-phase pntential Qi (in reduueii units) as a fuin-lion of laLiiua. (ra) Trial 

field; (h) derived field. 


with this changn in the radial field, a change is made in the field e_i. 
This is now made equal to — e_i- The trial orbit now reachc'S the anode, 
and the new field is made the basis for several orbit calculations. Some 
of these orbits are shown in Fig. 6-15. Figures (i lO to 018 show the 


new choice of potentials Qu, ai, 

a_,. 

The calculation of the charge 
density and the cathode emission 
depends upon a method intro¬ 
duced by Hartree.^ In this 
method the orbits and the interac¬ 
tion space are subjected to a trans¬ 
formation. When an orbit has 
been calculated, it is implied that 



Fig. 6'17.- - Tl»e Dut-of-ydiasD prd.iuititi] 
ff_i (in ruidiifuid units) as a functiuri of radius, 
(a) Trial fifdd; ((>) iliuivpd fiidd. 


one knows r = r(T,^o) and ^ where is the initial azimuth at 


the cathode and t is the transit time. It is thus possible to make a trans- 



Kig. 6-18.—THb effertivo radial potential On (in reduned units) as a funotioii of radius, (a) 

Trial field; (6) derived field. 


’ Ilartree, CVD Report, Mag. 36,1944. 
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formation T = T(r,^) and^o = The orbits appear as vertical lines 

in such a (T,^o)-plot, and lines of constant r and ^ may be drawn in the 
diagram. The (T,^o)-plot for the first set of orbits is shown in Fig. 6-19. 

Poisson^s equation is solved in the following way; A function 
g(n^, log r/ro) = q{6j) is introduced, defined by 

ri ro/n ^ 

qid,l) = 71 I I — pr dr dtp; (151) 

Jio Jo en 

Poisson’s equation then reads 


1 d^q 

. -U _- = - ± —. 

dP ^ dO^ Eu Bl 


(152) 


If dq/d\l/ is expanded in a Fourier series, one has 

BW, _ 1^ 3 /dg\ 
dP 6|| 31 



(153a) 

(1535) 


and V[i, Vk may he found analytically if q is known. But the latter may 
be found in the following way; if the cathode emission has the form 


./ = /o + ./i cos n\f/ + ,/_i sin 

= {Jq - Ji - J-i) + Ji (cos + 1) + J-~i (sin m/' + 1), (15^) 


where a partition has been made that makes all the terms of the ernissioji 
positive, the three cases 1, (1 + cos ri^), and (1 + sin n^) may be 
treated separately. For each case the appropriate q may be found, 
since each element of area in the (r,^o)-plot has associated with it the 
charge that left an element of the cathode ^d, between the 

times (t, t + dr); it thus contains a charge j(^o) dr. Thus, the charge 

in a region of the (?,0)-plot may be found giving q. The V’s calculated 
from the three q's are multiplied respectively by Jo — Ji — J-i, Ji, and 
J-i. There are three boundary conditions, and these give three simul¬ 
taneous equations to determine the J’s. 

The fields derived from the charge distribution may now be compared 
with those originally assumed. If the agreement is good, the calculation 
may be considered complete; if not, a further repetition of the process is 
necessary. The convergence of the process is frequently poor. An 
earlier calculation by Tibbs and Wright^ for a 3-cm magnetron showed 
very little convergence after several stages and was found to require 
exceedingly high cathode emissions at each stage. They were led to 

'Tibbs and Wright, "Temperature and Space Charge Limited LmLssion in 
Magnetrons," CVD Report, Mag. 38. 
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conclude that the requirement of space-charge limited emission could not 
be met and to abandon this boundary condition. However, as they 
later pointed out, the trouble does not lie in the physical conditions 
of the problem but rather in the fact that if the successive solutions of 



0° Initial azimuth of emission fZ-p) 

Fni. 6-19. — T VH. 1^0 tliagrain for the splf-cDiisisteiit field analysis with - contours of 
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the T-axis. Vertical scale represents -— 

the problem are to converge, it is apparently necessary to make a good 
initial estimate of the fields. 

As may have been noted, the methods of choosing initial fields are 
rather arbitrary and entail a process of judicious extrapolation from 
earlier calculations. Furthermore, the estimation of the goodness of a 
solution by a simple visual comparison of the radial plots of the field 
components seems unsatisfactory. In the next section a possible method 
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of improving the self-consistent field technique Avill be referred to. 
Despite the lack of precision in the solution found by Tibbs and Wright, 
the efficiency and cathode emission that they derived are in reasonably 
good agreement with experiment. 

6-10. Qualitative Discussion of the Interaction. —The analyti(;al diffi¬ 
culties that prevent a solution of Eqs. (54a), (54fj), (5()), and (57) compel 
one to fall back upon a qualitative discussion in order to understand some 
of the salient features of magnetron operation. In this discussion one 
is helped to some extent by the self-consistent field (;alculations, but it 
appears that these have not been carried far enough or Avorked out for a 
sufficient variety of cases to be of great assistance. 

The most important feature of the magnetron equations in deter¬ 
mining the charatiteristic behavior of the tube is that they may be 
formulated as the equations of a static problem. It follows that the 
nature of the effective potential, given by Eq. (55), is of considerable 
significance and that an examination of this potential function should 
give considerable insight into the type of motion possible. Were the 
potential function known in its entirety, of course, it would imply 
that the whole problem had been solved, so that one is restricted to a 
qualitative knoAvledge of its variation. From experimental data on 
operating tubes it is known that the d-c voltage always lies Avithin about 
20 per cent of the threshold voltage. Thus ab the anode 


an 


0 - 5 ) 


s- + l\< 0.2 



(155) 


Furthermore, it appears from Avhat little data are available that AA^hen 
the r-f voltage is ecpial to the d-c voltage, operation beconu^s very 
inefficient and the region of usual operation is at considerably lower r-f 
Audtage. If this is the case, at the anode again. 



If one treats jVe as the elfective potential, then it appears that yV e 
is of the order of t [(1 — 7/2)5“ — 1 ] at the anode. At other points of 
the interaction space one cannot be precise, but a consideration of the 
potential distribution for the symmetrical diode or the Brillouin steady 
state, Avhen the anode voltage is equal to the threshold voltage, indicates 
that the potential jVe avUI be everyAvhere of the order of 7. It is a conse¬ 
quence of this that the forces due to the potential Avill also be of the order 
of 7. (‘‘Effective'’ and “equivalent” potential are used interchangeably.) 

For the purpose of visualizing the motion in crossed electric and mag¬ 
netic fields one needs an approximate solution of the equations of motion 
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in an arbitrary statin potential and a constant magnetic field. Suppose 
that the equations of motion are written in Cartesian coordinates as 


X = clv// + Vsix.y), (15()a) 

y = -Lo.f + Vy{x,y), (15()^) 

where Vx = dV/dx, Vy = dV/dy^ and C is a function of position. Then, 
if X + jy = Z, one may write 

Z jii)Z = (Vx -V jVy) = E. ( 150(0 


Now if F Avere independent of position, this equation would haA^e llie 
solution with the initial conditions Z = Zn, Z = Zq, 


Z 


Ft 

JQJ 


+ Z() -T 


F 


— 3^Z \^ 
oj’ 




(1S7) 


This represents a combination of two independent motiiois: the first 
given by —i(Fi/u})^ wdiich is a motion at right angl(*s to the field F of \ eloc- 
ity \F\/h3\ the second, a motion around a circle of radius \F — JcijZo|/w^ 
with frequency tij/27r. If, now, F varies Avith position but sufficiently 
sloAAdy so that it does not change greatly OA^er the orbit during one cytde, 
it might be expected that the iicav solution could still be represented as a 
superposition of tAvo motions. One motion vshould consist of a path 
everywhere at right angles to Fj traversed with a velocity |/^|/w. The 
other Avould consist of a circular motion centen‘d about the instantaneous 
position of a point on the first path. The frequency of the circular 
motion might be expected then to be a sloAvly varying function of time 
or of position. If these conditions AVere fulfilled, the center of the circle 
would, since it moves always at right angles to /<’, be moving along an 
equipotential or line of constant V. Before examining this solution 
analytically it is useful to consider Fig. GT5, in which has been plotted 
the effective potential corresponding to the fields used by Tibbs and 
Wright^ and also the orbits that they calculated in this field. It may l)e 
seen that the orbits do actually consist of a scries of loops, the centers 
of which travel rather closely along the equipotential lines. It Avill be 
sliuwn below that this is not a particularly favorable case. 

Writing D = d/dt, one may solve Eq. (15()c) formally in the form 


F 


m rpF 

jcj (juiY 


z = - + 




+ W__+-Wv _ -4 ^ + y f) (F, + jVy) 

+ dy) + 


. (158J 


Tibbs and Wright, loc. cit. 
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The convergence of this expansion depends upon the smallness of 


(1 /u3^)D^F. Supp ose 

that all terms beyond the second are 

ign orctl. 

Then 

z = re— + 

3^ 

(159a) 

or 



z . im - z 

L 

J I'- 

J 3^ 

(15!l^j 

where Zo = Z and Z = 

= Zo at i = 0. This may be written 



F, 

X = r cos U3t H- -y 

LJ 

(IfiOa) 


y = —r sin tut — — 

(KiO^) 


LO 


The higher terms in the expansion become, using this approximation, 

Considering only the first term, one has 

' [("5') 

+ j cos ut + Fx„ + ^ —r sin ut — F„„ j (1K2) 

If this is to be small compared Avith the first term {Vx + jyu)/j^, then 


fV XX j rFxv, rV yyj 

where 


y Y — V V V V — FF 

r y r XX y Xf xy ^ V y x;y y x y y 


<<C u }\Fx + jVv\, (163) 


F.(Z„) + j VyjZ,) _ 


In the magnetron problem 


Ve = T 


a„ - sa, - (l - l) + y") + 1 • 


(lfi4) 


A proof that the inequality (163) is satisfied cannot be given in 
rigorous form because of the lack of knoAvledge of the fields. One may 
argue in the following way, however. If Zo is taken to be a point on the 
cathode, Vx = Vy = 0 and-^o = y] thus r = y. If, in addition, the 
earlier assumption is retained that F ~ y, F*, Fy, F**, Fy^,, and Fxy — y, 
then the inequality (163) is satisfied provided that y <<C 1 (for the field 
used by Tibbs and Wright, y = 0.232, Avhich is not very small compared 
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with unity). A similar argument would indicate the smallness of 
hightjr terms in the expansion, Eq. (158). It is quite evident that 
the above reasoning is tentative and that there may be regions of the 
interaction space, small in extent, over which the fields change more 
rapidly than will allow Eq. (163) to be satisfied. However, it is likely 
that in the main the considerations hold good. The most likely regions 
for difficulties to arise are in regions of large charge density and fairly 
rapid motion. The region very close to the cathode does not appear to 
be one in which Eq. (159) fails because in this case although the field 
derivatives are large, this is compensated for by the low velocities. 

One may note that substitution of the first-order approximation 
(1595) into the next term of the expansion (158) leads to a second-order 
approximation 

r (l + sin + [ '^1 + V") 

CO CO'^ I 

f, - -r (l + sin + r I™ nos + [ - -^(l + 

+ Y.^-Zy]. (ir,5b) 

CO co^ J 

One may consider first the starting process from th(' vie\v[)oint of the 
(dfective potential diagram. Figure 6-20 represents the effective poten¬ 
tial for a case related to that of Tibbs and Wright. As in Bunemann’s 
analysis it has been assumed that a Brillouin steady state exists before 
oscillations are initiated. The anode d-c voltage is that of the problem of 
Tibbs and Wright, and a logarithmic potential is assumed between the 
anode and the cloud radius. The potential corresponding to the Brillouin 
steady state has been assumed right up to the cathode as was done by 
Bunemann. A r-f field, supposed to satisfy Laplace’s equation with an 
amplitude equivalent to that used by Tibbs and Wright, has been 
added to the d-c field. The amplitude does not affect the argument, 
which is purely qualitative, but it is chosen large for convenience in 
drawing the potential diagram. 

Two important features appear clearly in this diagram. These are 
the shaded regions in which the potential is negative and into which 
the electrons therefore cannot travel and the appearance of two saddle 
points in the equipotential surface. The appearance of a forbidden 
region near the anode is a consequence of a choice of d-c voltage 
in excess of the threshold voltage and a rather large r-f voltage. 
The forbidden region near the cathode will occur for any r-f voltage, 
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however small. The effective potential within the charge cloud is 


yV E = T 

_ 1 
“ 2 


-(- 0—1 

[(l-rjs-i]- 


(106) 


The potential vanishes for si = 1/(1 — 7 ); and if the cloud radius is 
greater than this, there will be created, when an r-f voltage is super- 



6'20.—Kquivalent potential fur the stailiiiK prrjhli'in in roLkir^e.il units. Tlie Hlnidi'il 
I’CKinns cannot be (l avorsrd liy plcctrons. 


imposed that is negative in some places, a region of negative potential or a 
forbidden region. Now, according to Bunemann, 


Avhere 

yV. = (1 - T - j.) 

If yVe varies as cos then s varies as sin for s > so and as — sin n\[/ 
for 5 < 5 o. Thus, the orbits are deformed in the same way as the 
equipotential lines in Fig. 6 - 20 . One may now argue that the motion of 
the negative charge cloud toward the higher saddle point will make the 
potential in the neighborhood of the latter lower. In the new potential 
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thus derived the orbits will be still further distorted in the same sense. 
It is then possible, although not assured, that the distortion of the orbits 
will proceed further in this way. If this process continues until the 
saddle point lies within the electron stream, one can expect a radical 
change in the nature of the flow. For it is now the case that an equi- 
Ijntential originating inside the electron cloud travels over to the anode 
and it will be possible for an electron to follow this equipotential, pre- 
l essing about it. Thus, a part of the stream of electrons may turn off 
toward the anode, setting up further instability in the original cloud. It 
is easily shown that if the cloud radius be less than So, the perturbation r)f 
the electron stream is away from the higher saddle point and toward the 
lower saddle point. This produces such a change of potential that the 
perturbation is opi)osed. 

This picture seems to giv^e a good physical representation of Bune- 
rnann’s analysis. For as long as the orbits are lying symmetrically 
disposed about the i)osition of maximum r-f voltage, the impedance of 
the charge cloud is purely reactive. This may be seen, since Er will vary 
as cos niA, and dEr/dt = --u}{dEr/d\l/) will vary as sin n^. The case 
for which j and in which the periurbatitm grows corresponds to 

Bunemann^s instability given by (9y,:ioud/9ci)) < 0, while for 5 < So, he 
found (i9Fdoud/5c*^) > 0 and the perturbation is self-damping. If the 
disturbance grows to the critical amplitude at which the saddle point 
enters the stream, the asymmetrical nature of the latter after splitting 
gives an in-phase component of current. 

When current has actually begun to flow to the anode, the resultant 
asymmetry of the charge cloud with respect to the maximum of the r-f 
v oltage on the anode means that the assumed r-f field must be modified 
to include an out-of-phase term. Furthermore, since there is now a 
nonuniform distribution of space charge producing r-f fields, the latter 
must nut be expected to satisfy Laplace’s equation but ratlnw Poisson’s, 
rhus, in the operating case one is led to the choice of such fields as was 
made in the self-consistent field calculations. Figure 6-15, previously 
referred to, shows the effective potential for the field chosen by Tibbs and 
Wright as the starting point of their calculations. It may be remarked 
that in its essentials this potential distribution has much in common with 
the naive starting field of the previous paragraph. The outer saddle 
point is now at a much lower potential and, in fact, lies below the inner 
saddle point. This implies that equipotentials starting from quite close 
to the cathode may reach the anode. (Arrows have been drawn along the 
equipotentials to indicate the directions of motion of the center of the 
processional circle.) 

It would seem that the diagram of effective potential might be very 
useful in connection with self-consistent field calculations, since it gives 
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(considerable insight into the possible flow patterns of the electrons. 
Figure 6-21 shows the effective potential for the field derived by Tibbs and 
Wright from the space-charge distribution set up by the orbits of Fig. 
6-15. It may be seen that the space charge has lowered the potential 
sufficiently to eliminate the outer saddle point and the two forbidden 
regions have coalesced. Comparison of the orbits of Fig. 6T5 with the 
potential diagram of Fig. 6-21 reveals the unfortunate fact that most 
of the orbits lie over a considerable part of thtcir length in the forbidden 
region. This indicates that self-consistency has not been achieved in a 
satisfactory manner, although the derived radial fields appeared to 
agree fairly well with the initial ones. The new field, though it differs 



in detail from the starting field, retains some features in common. There 
are still equipotentials starting from close to the cathode that run up 
to the anode, and the orbits will presumably lie along these. However, 
the shape and orientation of the resultant arm of space charge cannot be 
predicted until a self-consistent field has been found. Inasmuch as a 
method with a self-consistent field procedure is largely an empirical one, 
proceeding by a scries of estimates and approximations, it would appear 
that the use of the effective potential diagram would aid materially in 
visualizing the state of affairs in the interaction space. At the same time 
it provides a sensitive check on the approach to real self-consistency. 

A comparison of the potential fields for the artificial starting problem 
shown in Fig. 6-20 and those assumed and derived in the self-C( 3 nsistent 
field calculation (Figs. ()14 and 6-15) enables one to deduce some of the 
general properties of the field in an operating magnetron. There is a thin 
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layer surrounding the cathode in which the potentials vary radially as 
(s — Within this layer electric forces will originally predominate; 

but after a certain distance has been traversed, the magnetic forces will 
become comparable. In Sec. ()-8 it was estimated that the thickness of 
this layer Avas /rti, and the voltage drop across it is found to be 
Considering the case for which self-consistent fields have been calculated 
in Sec. 0 9, the thickness is 0.04 and Aoo equal to 0.015; thus, the thick¬ 
ness is A^ery small, and the potential drop under these circumstances 
small compared with the cathode potential of 0.116. At very high 
currents the cathode layer may become thick enough and the potential 
drop across it large enough to alter the initial stages of the motion. 

Beyond the cathode layer there exists a region that might be called 
the ''bunching’^ or “sortingregion. This may be thought of roughly 
as extending out to about the radius of the Brillouin steady state appro¬ 
priate to the d-c anode voltage. Passing radially oiitAA^ard from the 
cathode through this region one alAA^ays encounters a potential minimum 
at about the radius Sn = 1/(1 — y) at Avhich the Brillouin steady state had 
a potential of zero. The effect of the r-f field is to depress an angular 
region around this minimum to a negative potential, thus producing a 
forbidden area; bedAveen each pair of forbidden regions there Avill be a 
saddle point. Electrons leaving the cathode from points opposite the 
forbidden region travel close to the cathode, held there essentially by a 
negative radial r-f field, until they pass the end of the excluded area, 
Avhere they enter a region of tangential r-f field, so directed that they 
move outAvard. Electrons starting betAA^een the forbidden region and 
the saddle point move mostly in a positive (out\A^aid) radial r-f and d-c 
field once they have crossed the minimum; this causes them to move 
toward the left and brings them into step AAith the first set of electrons. 
Finally those electrons which start from beyond the saddle point may 
either cross the minimum and be sent toAvard the left like the second set 
or, if they approach close to the forbidden region, be sent back to the 
cathode by the tangential electric field. The over-all effect is that 
electrons Avhich have started behind the forbidden region to the left of 
the saddle point are bunched together Avhile electrons coming from the 
cathode betw^een saddle point and forbidden region return to the cathode. 
The general features of this bunching mechanism Avill not be changed in 
their essentials provided that the potential field retains the characteristic 
features described earlier. 

Beyond the bunching region, in which the electrons have been con¬ 
centrated into a relatively narroAV range of angles, lying in the region 
of maximum tangential field, the stream travels out to the anode. The 
stream, as it moves outAvard, Avill continue to lie in the region of maximum 
tangential field, foIloAving the equipotentials. It can be expected, then, 
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to arrive at the anode at some effective potential near zero but, of course, 
always positive. There will be a process of phase focusing in this region 
as may be seen by considering the equipotcntials in Fig. 6-15. The 
equipotentials surrounding the zero equipotential converge toward the 
anode, and the various orbits centered on the equipotentials will also 
tend to converge. It is Avithin this region that the process of energy 
conversion largely takes place, since the electrons have now been con¬ 
centrated entirely into regions in which the tangential electric field has 
the proper sign for the electrons to lose energy. One sees that for low 
magnetic fields (slightly greater than 1 — 1 /s^) the efficiency will be Ioav, 
for the initial cloud radius will extend out very close to the anode and 
the energy-exchange region will be small. As -y decreases, the radius 
of the bunching region Avill decrease and more of the interaction space 
Avill become available for energy loss. 

The fact that the magnetron problem may be formulated in static 
terms seems to be fundamental for its behavior. That operation Avill be 
possible over a large range of values of y with an effitaency steadily 
increasing with y appears evident because changes in y mean only 
changes in the initial velocities of the electrons and a consequent change 
in the effective potential. The freciuency of precession of the electrons 
about the magnetic field in a field of constant effective potential is 
2(1 — 7)/27r; the oscillatory motion to which this precession corresponds 
is not driven by any harmonically varying forces, and it thus exhibits 
no resonance effects for any 7 . Variations of 7 then mean merely 
variations in the boundary conditions and equations of a purely static 
problem. 

Similarly by examining the definitions of the redui^ed variables it 
is seen that the dependence of the operation upon frequency is contained 
in the dependence upon an and 7 , for this is the only place in which 
the freiiuency appears. Now Qq is essentially correlated with 7 by the 
necessity of satisfying the threshold criterion everywhere; thus, the 
frequency dependence is principally contained in the 7 -dcpendencc. 
Since there is reason to suppose that the latter is small, one deduces that 
the frequency dependence is small. Once again, there are no resonance 
effects. 

The dependence of the operation upon the r-f voltage as contained in 
Fig. 6.9 is very inadequately understood. 

6-11- Departures from the Rotating-wave Hypothesis. —The fore¬ 
going discussion of magnetron operation has been based on the assumption 
that only the slowest rotating wave which moves with the electrons has 
any appreciable interaction Avith them. It noAV appears that many of 
the characteristic features of magnetron behavior are due to this mode 
of interaction. It is, therefore, of interest to consider cases in AAffiich 
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another Fourier component plays a part. One notable example of this 
occurs in the operation of the rising-sun type of magnetron. As has 
been shown in Chap. 3, the presence of two sets of resonators, alternately 
large and small, gives rise to a Fourier component that is not normally 
excited in unstrapped and strapped systems. This is a mode for which 
there is no angular dependence (n = 0 ). Such a field will appear in any 
rotating system as a tangential electric field varying as without 

angular dependence and falling off slowly toward the cathode. A method 
of estimating the effect of such a perturbation was indicated by Slater;' 
his treatment will be followed in a more general form. 

Writing Eqs. (54fi) and (54f>) in Cartesian coordinates again, one has 

X = 2(1 — y)y + y ——^ (167 a) 

vX 

y = -2(1 - T)i + T (ir>7?)) 

where x and y are measurc^d in units of and 

Vk = (ao - sa*) - (l - 2 ) + 2/-) + 1- (f«7c) 

Suppose now that a:i)(0, yo(0 are the (equations of an orbit satisfying 
E(]s, (I67a, h), and consider the perturlmtion of a single orbit, l^et 
X = Xi) + fi and y = yo + C> wliere n and ( are small. Then to 


terms linear in n [irid (, one obtains 

S = 2(1 - t)C + t (n + t (lf.8a) 

^ = -2(1 - T)fi + 7 (n + c (1686) 

Writing d/dr D, thou TCqs. (lG8a) and (1686) boeomo 

(i;2 _ - [2(1 - t)0 + = 0, (169a) 

[2(1 - ■y)D - yV.y]n + {D^ - yVy„K = 0. (1696) 


'rhu.s, 7} and f will have solutions dependent upon t as b"' where 

+ [4(1 - 7)'^ - 7(r„ + Vyy)W + yW^rVyy - V^y) = 0. (170) 

To a first approximation then, 

(?“ = -4(1 - 7 )' + tV'Ke 

= —4 1 — 7 “ j V-(ao — s5*)^' 

G= ±j [2 - 7 - I - sa*) j- (171) 


' J. C. Slater, RL Report No. V5-S. 
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Suppose, generally, that a perturbation of the form be 

applied; then there will be resonance between the applied perturbation 
and the small oscillations about an equilibrium orbit if 


or 


nay = 2 — y — ^ V^(ao — sa^) 

Yrpjno! + 1 + T^^(ao — sa^)] = 2, (172) 


where = 2m[)Un/neBr^^ is the value of y for which resonance takes 
place and, similarly, is the magnetic field at which resonant;e occurs 
for a fixed cjo. Writing mnojo/e = /?.,yr, where is the so-called 

cyclotron field, Eq. (172) becomes 


^reH = B nyr. 

= B,y,. 

For the rising-sun case, a = \ and 


“ + 7 + 47 4 


B = B,, 


1 + 




(173) 


(174) 


Tt is difficult to go further than this, since one^s knowledge of g is very 
inadequate. Roughly since 


27rlp 


PttvK 



^55 d\l/, 


27rlo 

5hv«(sA^)’ 


(175) 

(176) 


where sAyp is the breadth of the outgoing electron stream. Furthermore 
since p is not constant throughout the cloud, it is not clear where its 
value should be taken. 

The performance chart for a rising-sun magnetron (Fig. 6-7) shows 
the characteristic behavior of these tubes. The efficiency instead of 
rising monotonically with magnetic field shows a minimum for a fairly 
definite magnetic field. The effect, in most cases that have been exam¬ 
ined, is less pronounced at high currents. Using crude estimates of 
and (sA^), the formula Eq. (174) gives reasonable agreement with 
experiment. 

Slater has given a result that has been frequently quoted in this con¬ 
nection. This expression is 


5 . 



( 177 ) 
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It may be derived from Eq. (174) in the following way: Slater considers a 
special orbit in a cylindrically symmetric field, namely, one in which an 
electron moves on a circle about the cathode with an angular velocity 
equal to that of the traveling wave. In the rotating system then the 
orbit degenerates to a fixed point. From Eqs. (54a and b), if ^ = 0 in a 
symmetric field, 



and also 


0 = S = - 1 + _ s(l _ ^ _ (2 - 

vS 

_ ^ . _i_ .. - sa^) 

..3 “T T 



Now in Eq. (174) one has 

V=(a„ - 55 ,) = 14 [5 

= _ 1 _ ^ ~ 
ds^ S ds 

and neglecting the second derivative, as does Slater, 


V2(ai, - 50.^) 


1 d(a() — 
5 dj 


Substituting in Eq. (17-1) gives 



2. (179) 


E 

B. 


rep 

eye 


1 + 


2/1 ■ 


((>■177) 


The result, although agreeing quite avcII with experiment, cannot be 
considered as well founded. 

A phenomenon that occurs in strapped magnetrons appears to be of 
the type considered in this section. Measurements of the energy 
transferred to the cathode by electrons that return after being accelerated 
in the r-f field have been made for a number of tubes. An example of 
the results obtained is shown in Fig. G-22^ where the contours of back- 
bombardment j)ower are shown on a regular performance chart. It may 
be seen that the back bombardment show's a maximum at 1400 gauss 
for this magnetron which operates at 10.7 cm. It appears that at this 
field for which B/Bcyc = 1-41, there is some kind of resonance effect, 
since there is no obvious reason why any special back bombardment 

'W. E. DanfDrth, C. C. Prater, and D. L. Goldwater, “Back-bDEnbardment of 
Magnetron Cathodes,” NDllC 14-309. 
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might be expected to take place if the electrons are moving in the quasi¬ 
static field. There is observed little or no effect upon the efficiency of 
the magnetron, so that the whole process is much less pronounced than 
that taking place in the rising-sun type. The fact that the critical field is 
substantially greater than B^yc indicates that the resonance effect is 
not confined to a layer near the cathode in which the electrons are at 



Tig. 0'22.—PBrfonniiiicc i-hai t sliDwing pulse baBk-boinbardmpiit powi^r with-pulsB 

bank-bombardment power in kilowatts. 


rest in the laboratory system of coordinates, for in that case one would 
expect a field equal to to produce a disturbance. The most plausible 
explanation is that some (n = 0)-contamination is actually present. 
Actually it has been observed from data taken on field patterns in 
nonoperating magnetrons that there is indeed a certain amount of 
(n = 0)-mode present in strapped tubes. This is caused by the fact 
that one strap lies behind the other, and thus in the interaction space 
there will exist a net radial component of electric field having {n = 0)- 
symmetry, which will be strongest at the ends of the anode. It should 
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be noted that this is a radial electric field rather than a tangential one, 
as in the case of the rising-sun magnetron. A somewhat minor point in 
favor of this analysis is that the maximum of back bombardment Avas 
not observed for an unstrapped design on which measurements Were made. 
The obsei ved for the data of Fig. G-22 is in good agreement with that 
calculated from Va\. (174) making plausible estimates of and (sA^) 
from Hartree’s calculations on a 10-cm. magnetron operating near 1400 
gauss. 

One related fact may be mentioned as indicative of the operation of 
fields not included in the rotating Avave. From Eqs. (54a), (54b), and 
(55) for an electron at the cathode one has 

^2 _|_ ^2 ^ yi 

and for the energy loss from Fq. (76a) 

Thus 

-2y < < 0. 

41iin'efore the maximum energy Avith AAdiich an electron can return to 
the cathode is 2 y or in volts, 2(?no/e)(wrc)^ = 2{m.oc^/e){2Trrr,/n\)'\ whicdi 
gives 4 X 10'*(7v/7iX)^ kv. For rc = 3 X 10“^ meters and X = 10“' meters 
n = 4, the maximum energy is 2.25 kv. The evidence from the Avork 
of Danforth and his associates is that energies considerably higher than 
this are found, although these experiments are difficult to perform. 

In discussing the perturbations produced by other Fourier components 
(‘arlier in this chapter, it Avas found that for the 7r-mode the fretpiencies 
of the perturbations AA^ere ±2wo, ±4ciJo, etc. Thus, it might be expected 
from Fq. (174) that the perturbations AAuth frequency 2[jo Avhich is due 
to the (p = + Ar/2)-component Avould be in n^sonance AAith the electron 
orbit iJerUirbations at a field given by 

Br„ = ^2 + - + 

For any magnetrons that have been operated at fields as high as this 
value of no decline in efficiency has been found. No cathode back- 
bombardment data have been taken at these levels. The absence of 
such an effect upon the efficiency is probably due to the fact that the 
ip = +A^/2)-field falls off rapidly toAvard the cathode as compared Avith 
a ip = 0)-field. It thus acts effectively only close to the anode, and the 
number of cycles that an electron spends in a significant field is not suffi¬ 
ciently great to affect its behavior. This is a possible clue to the 
action of the ip = 0)-field in loAvering efficiency, for it suggests that it 
must act relatively close to the cathode and probably interferes AAuth the 
sorting of the electrons into bunches. 
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THE SPACE CHARGE AS A CIRCUIT ELEMENT 

By F. F. Riekk 

7-1. Introduction. —The characteristics of a magnetron as an oscillator 
can be described in terms of two quite distinct sets of properties. One 
set of properties belongs to the complex of resonant cavity, output 
coupler, and r-f load considered purely as passive circuit elements. 
The other set of properties is associated with the electron cloud, or space 
charge, as it exists in the configuration of electric and magnetic fields 
peculiar to the magnetron. The purpose of this chapter is to show how 
the over-all performance may be analyzed in terms of these two sets of 
properties and how an understanding of them may be used to predict 
the manner in which performance will be influenced by modifications 
in the design of the circuit or by peculiar conditions of operation. 

To a large extent, the discussion concerns the various influences 
that the output load exerts on the performance of the magnetron. 
Actually, these effects in the magnetron have a general resemblance 
to the corresponding ones in many other types of self-excited oscillators, 
and it may be of some interest to examine the reasons for giving them 
here a much greater prominence than they ordinarily receive in discus¬ 
sions of vacuum-tube oscillators. 

An intensive study of the effects of variations in the load was first 
taken up primarily out of practical considerations. Originally, the 
load was adjusted to secure maximum efficiency consistent with general 
stability. It then came to be realized that satisfactory performance of a 
radar system depended also upon the stability of the frequency of the 
magnetron. Inasmuch as there was some correlation between changes 
in frequency and changes in load, there immediately arose a need for an 
understanding of the relation between the two. Thus, the problem arose 
out of a combination of circumstances that are more or less peculiar 
to microwave pulse-radar, namely, 

1 . The primary, frequency-controlling oscillator is directly coupled 
to the load, since no suitable buffering amplifier is available. 

2 . The output system tends to have an unstable impedance, as it 
is large in terms of wavelengths, so that mismatches can give 
rise to a complicated spectrum of resonances. 

28S 
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3. The magnetron must operate in conjunction with a fairly selective 
receiver (at least in consideration of noise figure, if not of 
interference). 

The experimental studies that grew out of the situation indicated 
above eventually resulted in the construction of ^^Riekc diagrams'' for 
a large assortment of magnetrons operated under a wide range of condi¬ 
tions. It then occurred to many who became familiar with these 
diagrams that basic information about the inner workings of the mag¬ 
netron could be obtained from them. In consequence, methods were 
developed^ for analyzing the effects of the load in a more fundamental 
way. These methods, although generally applicable to self-excited 
oscillators of many types, are particularly useful in the study of micro- 
wave oscillators, of which the magnetron is but one example. 

With conventional oscillators that generate ordinary radio frequencies, 
the interior conditions of the active oscillator—as represented by various 
voltages and currents—can usually be evaluated by direct measure- 
intmts. In microwave generators, however, all the essential parts are 
contained within the vacuum envelope, and the only alternating-current 
measurements that are at all easy to make, even in principle, are those 
of impedance, power, and frequency. Consequently, to evaluate the 
internal conditions one either must be content with indirect methods or 
must undertake elaborate experiments on tubes designed for the express 
purpose of making the measurements possible. 

In the special case of the oscillating magnetron, the only quantities 
that seem to be fundamental and that also can be measured conveniently 
are (1) magnetic field; (2) power, frequency, and load impedance at the 
output terminals; and (3) current and voltage at the input terminals. 
Accordingly, it becomes worth while to exploit fvdly the relations among 
these quantities so as to obtain information about the internal conditions 
of the oscillating system. The results Avill necessarily be expressed in a 
rather abstract form, since the detailed theory of the magnetron has 
so far not provided a sufficient framework of general relations to permit 
a complete analysis of the data. 

To some readers, the profuse use of equivalent circuits in connection 
with the magnetron cavity may seem questionable, inasmuch as the 
dimensions of the cavity are not small compared with the free-space 
wavelength of the oscillations. Strictly speaking, the concepts of 
inductance, capacitance, and resistance imply a particular form of 
approximate solution to Maxwell's equations which is valid only for 

^ J. C. Slater, "Theory of Magnetron Operation,RL Report No. 200, Mar. 

1943; F. F. Rieke, "Analysis of Magnetron Perforinaiiec, Part I," RL Report 
No. 229, Sept. 16, 1943. J. R. Pierce, "Oscillator Behavior," BTL Memorandiiin 
MM-43-140-19. 
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systems that are small compared with the free-space wavelength at the 
frequencies involved. Leaving aside the question of L, C, and R for 
the moment, it can be said that the concept of impedance can be so 
generalized as to avoid this limitation by defining the impedance as the 
ratio of the orthogonal components of the electric and magnetic fields.^ 
In special cases, the generalized impedance can be related to currents and 
voltages, particularly where a TEM-mode is involved (as in a coaxial 
line) or where the fields have approximately a T’EM-mode character, as 
in the slot of a magnetron resonator. 

The theory of cavity resonators, based directly on Maxwell's equa¬ 
tions,- leads to the result that various impedances in such a cavity are 
related to each other in the same way as the impedances in L/iC-net- 
works, which means that between certain components of electric and 
magnetic fields there are linear relations of the type 

El = “ 1 “ 

E 2 “ ^12^1 “b 

which c.DiTcspond to the relations between currents and voltages in 
a network. Moreover, when the Zjk factors are expanded in terms of the 
frequency, the forms are of the same general type as those met with 
in network analysis. According to the theory of networks, given such an 
impedance function, it is always possible to “synthesize'' L/fC-networks 
which will have just that impedance function. (This statement is 
subject to the condition that the cavity can be adequately represented 
by a finite number of terms in the expansion.) Accordingly the cavity 
can be represented by an equivalent network, but this etpiivalent net¬ 
work need have no physical relation, part by part, with the cavity and 
is not even unique. Thus the equivalent circuit, in one extreme, may 
be regarded only as a special representation of a mathematical formula. 
However, between this viewpoint and the other extreme, that of literal 
interpretation of the elements in the equivalent circuit as inductances, 
capacitances, and resistances actually existing in the resonant system, 
there is a middle ground, because the LRC approximation to a solution 
of Maxwell's equations can be a quantitative rather than a qualitative 
matter. 

In practice, one attempts (on the basis of intuition or experience) 
to derive a suitable equivalent circuit from the shape of the cavity and 
its observed behavior. From measurements, one then arrives at values 
of such quantities as \/C/L, \/LCj and R \/^L that are meaningful, 
although the values of L, fl, and C derived from them may not be (or 

‘ S. A. Schelkuiioff, Elevtroynagnetic Wav^s, Van Nostrand, Now York, 1943. 

- J. C. Slater, "Forrod Osnillations in Cavity Resonators,” RL Report No. 188, 
Dec. 31, 1942. 
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may be so only in a limited sense). The degree of complication of the 
equivalent circuit first assumed is dependent upon the particular situa¬ 
tion and the degree of approximation required. 

7-2. The Electron Stream as a Circuit Element. —The features of the 
magnetron cavity relevant to the following treatment are illustrated in 
Fig. 71; the nature of the electric fields is indicated by lines of force. 
In this discussion only the alternating component of the electric field 
E is considered; thus the field indicated by the lines of force contains a 
time factor cos or in the conventional complex-variable notation 
The instantaneous value of the integral ■ ds across any one of the 
slots is substantially independent of the path of integration, providetl 
the path lies entirely within the interaction space, so the integral can be 
considered to represent an instantaneous voltage across the slot; it is 



an alternating voltage In the principal or 7r-inode of oscillation of 

magnetron cavity V alternates in sign from one slot to the next, but it 
has the same magnitude for all of the slots, and this magnitude can at 
IJi esent be considered to be the a-c voltage developtul by the cavity. 

A voltage amplitude V having been defined, a cun ent amplitude 7 
can also be defined, simply by making use of the fact that i(7F) must 
ctpial the average power delivered by the electron stream to the resonant 
system. However, because there are also reactive effects connected 
Avith the electron stream, it is convenient to treat the current-amplitude 
7 as a complex quantity in order to express the fact that it has a compo¬ 
nent in quadrature with the voltage. The power is then equal to 
one-half the real part of the product VI. 

The physical meaning of the current I can be understood by con¬ 
sidering the contributions of the individual electrons to the instantaneous 

VI product. An electron with vector velocity v at a point where the 

vector electric field is E makes an instantaneous contribution eE ■ v 

to the VI product. The significant terms in E ■ v can be calculated 
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by considering the interaction of the electron with the particular Fourier 
component of the electric field that rotates in unison Avith the pre¬ 
dominant motion of the electron stream. However, partly because of 
the complications in the motion of the electron (see Fig. 7-2a and b), 

E ■ t; contains many higher harmonics that are not pertinent to this 
discussion. The electric field of the significant component is illustrated 
in Fig. 7-2c; the fields and the electron stream may be considered to 
rotate together, in a clockwise direction. An electron near the cathode, 
as at i4, makes only a very small contribution to the VI product because 





Fig. 7-2.— (a) Actual path of eleirtrons; (/?) aiiiiplificd path assumed for calcu¬ 
lations; (c) eleptric field configuration of the I'ouriEr compDiJcnt that rotates in unison with 
Lhc predoniinanl motion of the electron stream. 

E is small near the cathode. Electrons at B absorb energy from the 
field and thus make a relatively large positive contribution to the real 
part of Ij Avhereas those at C make a negative contribution. Electrons 
at D make a positive contribution to the imaginary part of J; those at 
E a negative contribution. Because of the space modulation of the 
stream, there is a preponderance of electrons at positions like C, so the 
total current has a negative real component. 

Having shown that the voltage V and the current I as applied to the 
electron stream have definite meanings, one can treat their ratio I/V 
as an admittance. Accordingly, the perimeter of the interaction space 
can be considered as a pair of terminals—in a generalized sense—at 
Avhich the electron stream is connected to the resonant system, and the 
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complete assembly of resonant system and electron stream can be 
represented by the equivalent circuit drawn in Fig. 7-3. The terminals A 
represent the junction of the electronic current = /ei + jle 2 and the 
load current II- Because /p and —7l are identical, with the convention 
indicated in Fig. 7-3 for their positive directions, and V is common to 
the resonant system and electron stream, the relation 

F, + Yr. = 0 (1) 

must always be satisfied (unless V = 0). 

The part of Fig. 7-3 to the right of A is composed of ordinary circuit 
elements—resistances, capacitances, and inductances—so its admittance 
has well-known properties.^ In particular, Yl is independent of the 
amplitude V and depends only on the frequency v] that is 

Gl = GlM and Bl = BiXv). (2) 

For the moment it is supposed that these functions are known. Conse¬ 
quently, if under particular conditions of operation it is observed that 



7-3.—Equivalent nirnuit of the rcsoiiiiiit .system aiul Iho plectrin slipam. 

the magnetron ostnllates at a frequency u;'/27r and generates powei\P', 
the conditions within the space charge can be computed by means of the 
^ollo^^'ing equalities: 


-G: = (3) 

-B: = BAv'), (4) 

r. - (^'Z- (5, 

The components of the current can be found from the relation = Y^V. 


One thus has a procedure for evaluating experimentally the conditions 
^vithin the space charge. 

The inverse problem of predicting v and P when the operating condi¬ 
tions are specified may now be considered. The method consists essen¬ 
tially of solving a system of equations made up of Eq. (2) and additional 

'■ An electronic adinitta-nce, on the other hand, has properties that are quite 
dilTprcnt from those of the admittance of a passive circuit (which is composed only 
of condensers, inductances, and resistances). A passive circuit is linear; in other 
words, its admittance is independent of the applied voltaRC and depends only on the 
Irequcncy, whereas electronic devices are necessarily nonlinear except for applied 
voltages of small amplitude —at large amplitudes, saturation effects always set in. 
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equations that contain the properties of the electron stream. These 
additional equations relate Ye to such quantities as the d-c voltage 
applied to the magnetron, the magnetic field, etc. The general nature 
of these relations will be taken up first. 

In a typical experiment on a magnetron, one applies a magnetic field 
(B, a d-c voltage V at the input terminals, and an impedance Z = R + jX 
at the output terminals. In turn, one observes that the magnetron 
oscillates at a frequency Vj generates power Jp, and draws a direct current 
I at the input terminals. The first four variables—(B, V, R, and X — 
have been set arbitrarily and can be termed the independent variables of 
the system. The values of the last three variables—v, jP, and I —are 
fixed by the choice of the independent variaV)lcs and by the inherent 
properties of the magnetron; Vy P, and I are the dependent variables of 
the system. A somewhat different ordering of the original experiment 
would correspond to a different choice of independent variables—for 
instance, one might have decided to fix the input current I arbitrarily 
and let the input voltage V adjust itself accordingly. The essential 
fact is, however, that four independent variables and three dependent 
variables, or, generally, seven variables and three relations between them, 
are required to describe the fundamental properties of the magnetron. 

A convenient form for expressing these properties is the following set 
of relations: 


G,. = G.{V, V, V, (R), 

(6a) 

B. = V, V, ffi), 

(6b) 

I = I(V, V, V, CR). 

(7 a) 

An alternative form for lOqs. (6a) and (Ob) is 

= (G, + = L(F, V, V, (R). 

(7b) 


A direct physical interpretation can be attached to this set of relations 
by considering an ideal experiment. Suppose that under particular 
conditions of oscillation the quantities involved in Eqs. (7a) and {7h) 
have the values F', F', j'', (B', and In principle, the part of the 
system to the right of the terminals A in Fig. 7-3 can be replaced by a 
generator that has an output voltage F' and frequency F; the conditions 
to the left of A remain unchanged, and all the variables listed above 
must retain their original values. By varying (B, F, F, and v and 
observing I and 7e all possible conditions of oscillation can be duplicated 
and the results expressed in the form of Eqs. (6a), (6?^), and (7a) or 
alternatively Eqs. (7a) and. (7b). In addition, the relations could be 
extended by means of such experiments to ranges of the variables that 
do not correspond to any stable state of oscillation. For example, it is 
plausible that for very large values of V, saturation effects of some sort 
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would set in, and the real component of (and therefore Gj,) would 
become positive, which would entail the absorption rather than the 
generation of alternating-current power by the electron stream. Actu¬ 
ally, information about the functions (tia) to (76) has to be obtained 
principally from data on stable states of oscillation, but it is important 
to realize that the functions have meaning for extended ranges of the 
variables. 

It so happens that in most of the applications of relations ((ia) to 
(76) only a small range of the freqmuicy v is of interest. For example, 
if one is concerned with the effect of the external load on the j^erformanee 
of a fixed-tuned magnetron, one need consider frequencies that differ 
from the ‘^normal” frequency of oscillation by at most a few per cent. 
In handling such problems it is A^ery com^enient to make the approxima¬ 
tion that the relations (On) to (76) do not involve the frequency at all— 
relations evaluated at ro are used throughout the entire range of v. 
Evidence showing that this procedure is permissible will be discussed 
later. Inasmuch as tht'.re Avill be no ambiguity about v^i in problems 
of the type, indicated, it will be convenient to have available for reference 
the relations (8tt) to (96) in the following api:)roximat(' forms: 


Gc — Gr{V, V, 

(8fi) 

B, = B,iV, V, tt?), 

(8i^) 

II 

-.1 

(9a) 

h = IriV, K, (B). 

(9f>) 


In practice, the functions (Sa) to (96) are known only in the form of 
tabulations of experimental data. It has not seemed feasible to fit 
analytical equations to the data, and the relations are actually used in 
the form of graphs; but since a function of three variables cannot be 
represented by a single tAVO-dimensional curve, cmly partial relations 
can be expressed. For example, if in Eq. (8a) V and Gi are held at 
iixed values, Ge can be plotted against V. Such questions as which 
variables should be held fixed arc matters that have to be adapted to 
the particular problem in hand. Therefore, any attempt to carry through 
the present discussion on the basis of a specialized form of the relations 
would involve much graphical solution of equations, replotting, etc., 
and it seems preferable to adopt a someM-hat general viewpoint. For 
the present, it Avill be taken for granted that the necessary information 
about relations (8a) to (96) is available and that it can always be put into 
a desired form by the appropriate computational procedures. 

One may noAV consider the problem that initiated the discussion of 
relations (Oa) to (96), namely, that of predicting the frequency of oscil¬ 
lation V and the power output P from the known properties of Yl and F, 
[the approximate forms (8a) to (9a) Avill be used]. If a magnetic field 
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tB' and a d-c voltage V are applied to the magnetron, the real and 

imaginary parts of Eq. (1), with Eqs. (2), (8a), and (9a) substituted into 

it, become 

GiXv) +G.(F', f, OJ') - 0, (10) 

+ BXy\ F, (B') = 0. (11) 

These two equations may be solved for F and v] the solution F', v then 
substituted along Avith F' and (B' into Eq. (9a) to obtain and the 
problem thus completed. A graphical solution would take the following 
form: 

The pair of relations 

a = GjXv) and B = BiXv) (12) 

are the parametric ecpiaiions for a curve in the GB plane. Such a curve 
is illustrated schematically in Fig. 7-4, where the variation of the param¬ 
eter V along the curve is represented 
by the small circles that mark off ecpial 
increments in v. (The fact that only a 
small range of v is represented has been 
indicated by marking off Av rather v.) 
Similarly, the pair of relations 

Cr = -GXy\ y, (B') 

and 

B - -/f.(F', V, a.V) (13) 

are the parametric equations for a 
second curve Avhich is also illustrated 
in Fig. 7-4. The variation of the pa¬ 
rameter F along this curve is indicated 
by a scale. According to Eq. (9a), / 
also varies in a perfectly definite man¬ 
ner along this curve [that is, I = /(F', 
F, (B')], and its variation is indicated 
by a second scale. A curve of this type is sometimes termed an “operat¬ 
ing curve other sorts of operating curves may be draAvn, however, so 
Avhen a distinction must be made, the present type may be referred to 
as “an operating curve at constant F.“ 

The intersection of the two curves indicated in Fig. 7-4 by the point S 
is a solution to Eqs. (10) and (11). At the intersection S the values of 
F', 7', and / can be read from the scales attached to the curves. 

It has thus been shoAvn that the operating curve for (B = CB', F = F' 
is the curve defined by the simultaneous equations G = — Gre(F', F, OJ') 
and B = —5p(F', F, CB') and that the operating curve for (B = CB', 



I'lu. 7’4.—AcliniLtanue plDta in the 
(ili plane for n inaKnetron operated 
at [‘on.staiit 03 and V. 



Skc. 7-3| 


ANALYSIS OF THE RESONANT SYSTEM 


297 


I ^ r is the eurve defined by the system of equations G = —GeiV, F, CB'), 
B = — V, CB') and 7' = 7(F, F, (B'). If, however, one should 
wish to take into account the fact that the d-c power supply (or modula¬ 
tor) used to drive the magnetron has an internal voltage drop that varies 
with the current drawn, the appropriate operating curve can in principle 
be obtained as follows: Suppose that F and 7 are connected by a relation 

F = 7(7) (14) 

and that (B = dV; then the operating curve becomes simply a plot of the 
function (14) in the curvilinear coordinate system formed by the various 
constant-F and constant-7 operating curves for CB = CB'. 

Diagrams of the general type of Fig. 7-4 provide a means for the direct 
interpretation of many aspects of magnetron behavior. The curve 
= YiXv) has the important property of depending entirely on the 
system that lies to the right of the terminals A in Fig. 7-.3. Thus any 
effect that accompanies a change in either the resonant system or the 
external load can be interpreted in terms of the corresponding shift of 
the Yl curve. In the same way, the curve Y = — Fr depends only on 
what is to the left of the terminals A, so that all effects which are con¬ 
nected with changes in the input conditions (F, 7, CB) can be interpreted 
in terms of shifts in the —Y, or operating curve. 

The loop in the cuiwe Y = Fjr,(j') of Fig. 7-4 strongly suggests the 
possiViility that Eqs. (10) and (11) may sometimes have more than one 
solution. Since multiple solutions present a special set of problems, 
discussion of them will be postponed to Sec. 7-4. In addition, there is 
the possibility that a solution to the equations may repn\scnt an unstable 
state of oscillation; the question of stability will also be taken up in 
Sec. 7-4. 

7-3. Analysis of the Resonant System. —In the foregoing discussion 
it was assumed that the properties of the part of the system to the right 
of terminals A in Fig. 7-3 Avere known in the form of the functions 
Gl{v) and BiXv). These functions, Avhose specialized forms are analyzed 
in this section, contain combined properties of the system (magnetron 
cavdty + output coupler + lead + transmission line + termination). 
An example of such a system is illustrated schematically in Fig. 7-5a. 
The divisions between the various components is to some extent a matter 
of convention. 

Oscillation of the magnetron in only the 7r-mode is considered, and 
it is assumed that the resonances of the other modes of the cavity are 
well enough separated from the 7r-mode resonance so that their presence 
may be ignored. That is, the frequency of oscillation is considered to 
, be much closer to that of the 7r-mode resonance than to any other mode, 
and it is then possible to analyze the system in terms of the equivalent 
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circuit drawn in Fig. 7*5?j. The parallel-resonant circuit has constants 
hhat are appropriate to the cavity alone (with the output loop completely 
removed from it); it thus contributes an admittance Y, at the terminals A. 

When the loop, with the remainder of the load system attached to it, 
is inserted into the cavity, the admittance at A is augmented by an 
admittance Y,] thus 

r. = r.. + r,. (i5) 

The terminals in Fig. 7-5b represent an aihitrary division betwetui the 
magnetron proper—Avhich will be treated as a fixed system—and Avhat- 



7-5. — (a) Tlio nunipr^iiMiil.s of Ujp ro.soiiuiif ; (/>) roprespiitati iiii of flic? iT-Mioian ( 

.system of Fig. 7-5fi; (c) PLiuivulciit firc.uit of Fig. 7-5h; (r/) siinplififation of Fig. 7-5c. 


ever power-aV:)sorbing equipment one chooses to attach to it. The 
admittance Y^ of that part of the system to the right of S will l)e treated 
for the present as a known function of the frequency inasmuch as its 
evaluation does not involve any properties of the magnetron. The 
transducer D-S in Fig. 7-5b is a device introduced to exjjress the fact that 
at any given frequency the currents and voltages at D and at, S are con¬ 
nected by linear relationships. In terms of admittances these relation¬ 
ships take the form 

_ aYs + e 
‘ (RY, + V 


(10) ^ 
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where Cl, (B, 6, and D are complex and are functions of the frequency. 
The general properties of relations of this type and methods for evaluating 
the quantities Cl, (B, 6 , and T> or their equivalents are described in Chap. 
5. For some purposes it may be convenient to replace the transducer 
D~S by an equivalent chain of transducers connected at intermediate 
pairs of terminals. For example, it may sometimes be desirable to 
bring the terminals 0 of Fig. 7-5a into evidence in the equivalent circuit. 

In order to concentrate attention on the most interesting features of 
the resonant system, the approximations will be made 

1. That the transducer D-S is free of electrical losses. 

2. That the coefficients of Eq. (16) can be treated as constants over 
frequency bands a few per cent in width. 


The special effects associated vdth the quantities neglected in the first 
of the two approximations are treated in Chaj). 5, and the effects that 
are connected with the frequency sensitivity of the transducer are dis¬ 
cussed in Sec. 7-5. 

As a result of the approximations introduced above, Eq. (16) can 
be written in the form 




d Ys + jc 

jbys + a 


(17a) 


where a, h, c, anrl d are t'eal constants. It is possible to represent a 
relation of this type by an equivalent circuit composed of a shunt suscept- 
ance an ideal transformer of turns-ratio k, and a length I of trans¬ 
mission line of the same ciiaracteristic admittance M as the output 
transmission line. Accordingly, the circuit of Fig. 7-51) can be made 
(‘xactly ecjuivahuit to that of Fig. 7-5f;; and if the admittance of the output 
transmission line is (evaluated at the reference plane 7’ instead of at S, 
fill. (17tt) takes the form 

y. = + ^2 y^- ( 176 ) 


The circuit of Fig. 7-5c can, in turn, be replaced by the simpler circuit 
of Fig. 7-5d in which the parallel-resonant circuit has a resonance fre- 
(piency of vu instead of Vy,, where 


Pu = 



(IS) 


To make use of the circuit of Fig. 7-5a!, the admittance in the output 
transmission line must be computed at the reference plane T instead of 
!^t S. The reference plane T can, of course, be translated any 
integral number of half wavelengths {\u) toward or away from the 
niagnetron, Vmt by properly choosing T it is possible to compensate to 
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some extent for the errors introduced by the simplifying assumption 
originally made, namely, that the coefficients a, !), c, and d of Eq. (17a) 
are independent of frequency. The best choice of T can be determined 
for the particular magnetron from cold-test measurements or from a 
Rieke diagram. 

It follows, then, that if the admittance in the output transmission 
line is computed with respect to an appropriately chosen reference 
plane, the resonant system of the magnetron viewed at the terminals A 
will behave approximately as a parallel-resonant circuit shunted by an 
admittance equal to (l//r’^) Fr- The propt^rties of a parallel-resonant 
circuit will thus be referred to frequently in the succeeding sections, and 
in order to provide a convenient summary of the notation and the various 
approximate formulas that will be used a review of the pertinent proper¬ 
ties of this type of circuit is given below. 

In the notation of Chap. 5, the admittances that have so far been 
introduced in this chaj)ter are properly written 

F,, F,., F„ F„ n, and Y,. 

Inasmuch as the rlirection of these admittances will remain consistent 
throughout this chay)tr*r, however, th(‘ arrows will be omitted in the 
foil 0 win g tr e atm en t. 

Usually impedance and admittance formulas are develoi)ed on the 
basis of sinusoidal voltages and currents expressed as exponentials, viz., 

1 = and 

It is equally feasible to develop the formulas fr)r positively or negatively 
damped sinusoidal voltages and currents, also expressed as exponentials: 

I = and V = 

where j) = ^ + Jw. That is to say, impedances and admittances can be 
defined for a complex frequency p/2Trj as Avell as for a real frequency 

V = cij/27r. Later on, the comph*x frequency will be used in the treat¬ 
ment of transients by approximating a voltage of varying amplitude 

V = as a pure exponential V = where f = {d/dO In V{f). 

A circuit composed of an inductance L, a capacitance C, and a resist¬ 
ance R = 1/G, all connected in parallel, is a convenient prototype. For 
this circuit, the condition for the conservation of charge can be written 

^ ^ i ^ 

The general solution to the equation is 

V = CiE".' + Cie'-.*', 


( 20 ) 
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Avhere 


pn 


= + .7 \/u.5 - 


f =-2. 

2C’ 


P? 


CJq — 


= fo — i Vwq — 

_1 


The Q of the circuit is defined by the relation 1/2Q = — to/uo- The 
two terms in the right-hand side of Eq. (20) represent the two natural 
oscillations, or modes, of the system. 

For an impressed voltage of the type V = vv*'^ the admittance and 
impedance of the circuit are given by the formulas 

F = (j -j- j]^ = — = (7 (p 7^f<)(p Pv) 

Z 


or 


where 


= I ( 

\p - po p - p,T/ 


( 21 ) 

( 22 ) 


Po 

a = ^ 

Po - P? 


If the usual convention of representing a sinusoidally applied voltage 
y _ positive value of w is adopted, then for a real frequency 

aj/27r, Eq. (21) can be written in the forms 


“ Vi (■». “.) J' 


(23a) 

(23b) 


All of the foregoing formulas are exact, but it is generally more 
convenient to use approximate formulas that are accurate only to first- 
order terms in f/wo, fo/wo and (w — iiJu)/t*^i)- Ordinarily there will be no 
loss of accuracy in using these approximations, because the use of a 
parallel-resonant circuit to represent the properties of a complicated 
cavity for frequencies near om^ of its resonances is usually in itself signifi¬ 
cant only Avith regard to first-order terms in these quantities. If Eq. (21J 
is expanded, then an approximate formula is obtained which can be 
written in any of the following ways: 


where 


Y 



- - + 2i 





2C(p - Po), 


(24a) 


(246) 



THE SPACE CHARGE AS A CIRCUIT ELEMENT 


[Seu. 7-3 
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and 


where 


= j = Fr. + I + 2js), 

Z \(Jtt wn / 


6 = 


QJ — Wo 
WU 


J/ — J'o X[J — X 


l^ll 


(24c) 


Wlien the constant.s of thti equivalent eireuit are derived from impedanee 
measurements, the following relations are used; 


^11 — W|/y=^(j 

_ j fm 

* 2wn f/w 


or 


B = o 


Pu = pIb 

J_ dli 

2pn dp 


\B - (■) 


Q II 


1 

Yc 


B=ri)‘ 


(25a) 

(25/>) 

(25c) 


Tt is sometimes convenient to represent ttu‘ combination of a paralhd- 
resonant circuit and a shunt admittance 1"' = G' + jl^' l>y an equiA^altait 
parallel-resonant circuit that has a resonance frequency dirierent from 
that of tlu^ original one. Thus 


Yr (.L + ./2 “ ““)+(;'+ ;,7i' Yr ( y + j2 “ 

\Qi\ / vyii ^0 / 


( 2 ()) 


where 


^ ± , G' w' - wn _ 2ir 

Qu Yc c.; " “ ■' 1^/ 


Returning to the n'sonant system of the magnetron, bhj. (15) may bt^ 
expressed in the form 


where 


and 


Y, = Yr + r.;, (27) 

Yr = a + j47r(;(r - vj + jff 

Y, - Yr. 


It is frequently convenient to expri'ss Yr in normalized form, that is, as 
yr = Yt/Mj where M is the characteristic admittance of the output 
transmission line; this gives 

Yl = Gi + ./47rC(>' — v„) -h .70 + ^ yr. (28) 

Equation (28) is often vised in cither of the forms of Eq. (29) or (30) 
given below. The subscripts U, E, and L that appear in these equations 
will be used consistently to denote the following: 
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= characteristic of the “unloaded” condition of the resonant 
system, 

E = contribution connected with yr = Qt + jf>r, 

L = characteristic of the “loaded” condition of the resonant system. 

When the variation of yr with frequency can be ignored, Eq. (28) can 
be written as 

Yl = Gr.+j^7rCiv - PrX (29) 


Inasmuch as the difference between Yc = Ccjd and Cw/. is small, Kq. (29) 
can also be written as 

+ (30) 

where 


Q,. Qv ^ Qe 
_i _ Gl! 

Ql, ~ Tc 
I ^ M 
Qe ¥ Yc’ 

Vl = Vi, + Vk, 

0 

vu = 


(31 fx) 

(31/>) 

(31c) 

(32a) 

{32b) 


Ve = 


M br 

A' C‘ 


(32c) 


The special case where the output transmission line is matched 
(i.e., 1 / 7 ' = 1) is of particular significance. I'or the present, the values 
of Ql, Vl, etc., for this case M'ill be indicated by the subscript M, viz., 
Qlm, Qem, etc. By making use of these quantities, Kq. (28) can be put 
into still another form: 




+ 2i + 

Vl.M Q 


1 \ 
1/rj 

KM / 


(33) 


Equation (33) is especially useful because Quj vlm, and Qem can be derived 
very simply from the “Q-circle” whic^h is obtained by making impedance 
measurements looking into the terminals T from the output transmission 
line (see Chap. 5). By using for Qv the value obtained in this way, one 
compensates in 'part for the electrical losses inherent in the output circuit. 

With the derivation of Eq. (33) the properties of the resonant system 
and output circuit of the magnetron have been taken into account, but 
the term yr in Eq. (33) still remains to be considered. In general, yr 
is a function of the frequency, but the nature of this function depends 
very strongly on the particular type of system that is to the right of the 
terminals T in Fig. 7-5a. 
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In one extreme, j/r is essentially independent of frequency (as when 
the transmission line is perfectly terminated), and Yl then has the 
frequency dependence of a parallel-resonant circuit as illustrated in 



(a) il>) 

riu. 7’6.— (a) Curves of Gl and Bj, vs. froquency for a nr)nfrc?tiuenn.y-seiisitive load; 
(fj) r’ig. 7-6a riiplottcd in terms of Gi^ vs. Bl. 

Fig. 7-()a; the Yl(v) curve is simply a straight vertical line with tlie 
frequency varying uniformly along it, as in Fig. T-Gb. In the other 
extreme, the load has a complicated spectrum of resonances (as when 
numerous reflections take place in the output transmission line), and 



(a) ih) 

Fig. 7-7. — (n) Curves of Gu, G'k, Bu, and Be vs. frequency for a frequciicy-senaitive 
load; (b) the load curve: Bi. ( = Be and Bu) plotted against Gl ( = Ge and Gl). 

the components of Ye = Ge + JBe vary with frequency in the general 
fashion indicated in Fig. 71a\ Gu and Bu are also shown. Figure 7-7b 
shows Bl(= Be + Bu) as a function of Gl(= Ge + Gu)- 
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7-4. Interactions between Space Charge and Resonator. —In the 

previous section it was shoAvn that the state of oscillation of a mag¬ 
netron could be obtained from the intersection of two curves in 
the GB plane such as those given in Fig. 7-4. It was also indicated 
hoAv the operating curve Y = — YeiVyo) could be derived from system¬ 
atic observations on the performance of the magnetron and how 
the admittance curve Y = Y could be computed from known 
properties of the magnetron cavity, output circuit, and load. The 
symbol □; stands for whatever input parameter is considered to be 
variable. For instance, one may wish to consider a set of operating 



Fiu. 7-8.—Stability diagram on tVie basis of the load and operating furves. The 
eofidition for stability is that the angle a, between the vertois DY ij i)ui and d ( — F,) / d, 
ineasured in a cnvinterclockwise direetion, must lie between 0° and 180°. 


curves for various constant values of /, of F, or of Y d where Vo = V Rl. 
When the discussion does not concern changes in input conditions, a 
will be omitted. The various types of phenomenon that are connected 
with the intersections of the curves and with displacements or distortions 
of one or the other of these curv^es arc discussed below. 

General Considerations of Stability .—It is evident that when the Yl 
curve has loops, as illustrated in Fig. 7-7b, the operating curve can 
intersect it in several points. It has been stated previously that some 
of these intersections may correspond to unstable states of oscillation; 
the present discussion is concerned with a rule that may enable one to 
distinguish between the stable and the unstable states. A neepssary 
condition for stability can be derived on the basis of Fig. 7-8 and the 
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following consideration: If by any means V is made to take on a value 
F" different from the value F' that it has at the intersection of the load 
and operating curves, the system can be stable only if there exists a 
natural tendency for V to return to the value F'; it will be unstable if 
the anomaly in V tends to increase with time. 

The condition of the space charge for V = F" will be represented by 
the point F" on the operating curve shown in Fig. 7-8. At first sight, 
this condition might seem to involve a contradiction, since the relation 
+ F,(f) = 0 is not satisfied at V”■ However, the curve 

y = yi,(a,) 

holds only for steady-state conditions, that is to say, for V = constant. 
When V = V”, the amplitude V clianges with time, or, in other words, 
the frequency is complex. Through the point V” there passes anothei- 
admittance curve Y = y,,(u,f'). Tf is negative, the amplitude F 
is decreasing with time; if positive, increasing. Thus if {V" — V') 
and f have opposite signs at the point F", F must tend toward F', and 
the system is stable at F'. The problem consists then of the determina¬ 
tion of the sign of {'• 

The problem can be solved by making use of the fact that Yl is an 
analytic function of the complex variable p = ^ + ju. This circumstance 
enables one to derive the necessary information about the dependence 
of Yl on f from its known dependence upon u. For values of F that are 
nearly equal to F', the variation of { along the operating curve can be 
obtained from the relation 


tlp 


dp -1- 


r/F = 0, 
dV 


(34) 


where BYe/dV is taken along the operating curve. Since Yj, is an 
analytic function of p, dYL/dp = = -j{dYjJdi^), so Fq. (34) 

can be Avritten 



[In Eq. (35) d'p/dV and 3( —1\)/^1^ are directional derivatives along 
the operating curve; cJFy./du; is a directional derivative along the F(w) 
curve.] Since ^ = 0 at V\ it is necessary that the real part of dp/dV 
be negative at F' in order for f to be negative Avhen F — F' is positive. 
The derivatives in the right-hand side of Eq. (35) can be expressed as 
vectors in the manner indicated in Fig. 7-8. In terms of these vectors, 
the condition for stability is that the angle a measured betAA^ecn the 
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bYl/^^ and d{ — Ye)/dV vectors in a counterclockwise direction must lie 
between 0 and +180°. 

The various types of intersection that can occur between the load 
and operating curves are illustrated in Fig. 7-9. According to the cri¬ 
terion just derived, the intersections D, E, and F in this figure represent 
states of oscillation that are inherently unstable, whereas at intersections 

G 



Jig. 7‘!).—Typp.s of int pis action hot ween tJio load and operating nurves. 

Aj B, and C oscillations might be stable. With regard tr) these latter 
intersections two questions arise: 

L C^an the system oscillate simultaneously in more than one of the 
possibly stable states? 

2. If the system can oscillate in only one state, wliich of thf' possibly 
stable intersections represents the preferred state? 

Inasmuch as these questions are of considerable jjractical importance, 
th(*y will be discJissed in some detail, even though a complete answer to 
them cannot be given. 

As far as is known, a state of oscillation that corresi)onds to an 
intersection of type C in Fig. 7 9 has never been observed. This inter¬ 
section represents a somewhat peculiar combination of conditions; 
namely, the negative of the electronic conductance —G„ increases with 
r , and the load-susceptance Bl decreases with frequency. The condition 
is necessarily connected with the presence of a loop in the Yl curve, 
since in the absence of such a loop Bl increases with increasing frequency 
(see Fig. 7-6). 

A second important general observation is that the magnetron does 
not oscillate at two frequencies simultaneously. This must mean either 
that there is involved some sort of selection process which operates in 
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favor of one or the other of the intersections or that simultaneous oscilla¬ 
tion at two frequencies is an inherently unstable state. In discussing 
this matter further, it is necessary to make a distinction between pulsed 
magnetrons and c-w magnetrons. In the case of pulsed operation, one 
is interested primarily in ^Hurn-on'' phenomena, while in the case of c-w 
operation one is interested also in the way that the magnetron behaves 
when adjustments are made in the load or in other operating conditions 
without interrupting the applied voltage V. 

Consider c-w operation with oscillation established at some intersec¬ 
tion such as B in Fig. 7-9. If the voltage applied to the magnetron (or 
the magnetic field) is altered gradually, the — W curve will move so that 
the intersection B travels along the Yl curve. It can happen that the 
intersection B suddenly disappears, as when the operating curve first 
becomes tangent to the top of the loop and then moves completely 
beyond the loop. In that case the frequency becomes complex; and 
according to the argument applied in connection with Fig. 7-8, f is nega¬ 
tive,* so the state of oscillation that involves this particular intersection 
becomes positivtdy damped and thus dies out. It seems plausible that, 
in general, oscillations will start up again and the steady-state will then 
be established at an intersection such as A, although it is conceivable 
that oscillations might not be reestablished. Similar arguments can 
be applied to the case where the Fl curve is altered by some adjustment 
of the resonant system. This adjustment might consist of a change in 
the external load or a change in the tuning adjustment of a tunable 
magnetron. In these cases the Yl curve either will suffer a simple 
translation or will be made to go through some snakelike deformations, 
and pairs of intersections can coalesce and then be extinguished. While 
the above considerations must apply generally, it is also possible for an 
established state of oscillation to become unstable for reasons other than 
the vanishing of an intersection in an admittance diagram. It might 
happen that at some critical condition it becomes possible for oscillations 
at some other frequency to build up and make the initial state unstable. 
This possibility will be discussed later on in this section. In any case, it 
is understandable that in c-w operation a certain amount of hysteresis is 
observed in changing from one state of oscillation to another. 

In pidsed magnetrons, one is concerned principally with erratic 
selection of the frequency of oscillation at successive pulses. (Hysteresis 
effects ordinarily do not occur; and when they do, they must be attributed 
to such secondary causes as thermal lags.) Considerable experience has 
been accumulated in two rather different types of situation. One con¬ 
cerns the performance of the magnetron when it feeds into a moderately 

' This statement presupposes that with increasing frequency a loop is always 
traversed in a clockwise direction. From experience, this seems to be the case. 
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long, mismatched transmission line; the other concerns the use of auxiliary 
cavities coupled to the resonant syvStem of the magnetron for the purpose 
either of tuning it or of stabilizing the frequency. In the case of the long 
line, it seems that the selection of frequencies is erratic Avhen the two 
intersections (between the — Fc and the Yl curves) are close together. 
When the intersections are well separated, the one that occurs at the 
lower (or lowest) value of Gl is preferred. (The subject of long trans¬ 
mission lines is treated in detail in Sec. 7-6.) The general problem of an 
auxiliary cavity involves a much wider variety of Fl curves than does 
the mismatched transmission line, and no simple rule for the selection 
of intersections is universally applicable. In some situations the ''mini¬ 
mum conductance rule” just stated provides some correlation for the 
observed behavior, but the general case is not at all clear. 

Multiple Stable Interfiections of the Load and Operating Curvea .— 
Considerations of stability that are based entirely on the intersections 
of the — and Yl curves have an inherent flaw; they rest on the assump¬ 
tion that oscillations at more than one frequency are never present. 
While this assumption is justified by experience as far as steady states 
of oscillation are concerned, it is entirely unjustified with regard to 
transient states. To state the case more exactly, it has been assumed 
that the instantaneous a-c voltage Vi is of the form 

Vi = a exp (f + ju})t. (30) 

How(*ver, there is no reason why a voltage of the form 

Vi = (37 j 

where pk = + Jwa- cannot exist temporarily in the system, and the 

stability relations derived on the basis of Eq. (37) may be quite different 
from thiose derived on the basis of Eq. (30). 

The YjXv) curve does not give any very direct indication of the 
response of the resonant system for a voltage of the form of Eq. (37), 
and there thus seems to be some advantage in approaching the problem 
from a somewhat different viewpoint, namely, the consideration that 
one is dealing with coupled circuits or with a system that has several 
natural modes of oscillation. It is to be noted that the Avord "mode” 
as it is used here has a context someAvhat different from the one that it 
usually has in discussions of magnetrons. Usually the modes that are 
mentioned are the natural modes of the magnetron cavity either unloaded 
or with a nonresonant load coupled to it, each of these modes having its 
OAvn peculiar configuration of electric fields in the interaction space of 
the magnetron- However, under conditions where there are irregularities 
in the load curve one is dealing with the natural modes that arise when 
the TT- nr Ar/2-mode of the cavity is coupled to a highly resonant external 
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system but where the fields in the interior of the magnetron are always 
those characteristic of the 7 r-mode. 

The occurrence of loops or other irregularities in the Fl(w) curve is 
in itself evidence that more than one mode of oscillation of the resonant 
system is possible. According to a general result of circuit analysis the 
impedance of any passive circuit at a pair of terminals can be expressed 
in the form 


ai 


_ 1 _ IP - Pi 


— + 


a2 


Z= y = 


P - 


+ 


\V 


-Pt^p-Pt 


+ hti + hipj 


(38) 


where the arc the natural modes of the system when it is open- 
circ-iiited at the terminals. In any physical passive system the pj^Js 

are complex, and their real parts (^A:^s) 
must be negative, for in a passive 
system all resonances are necessarily 
yjositively damped. For higli-Q reso¬ 
nances, Avhich arc the sort that will 
generally be dealt with here, the f^’s 
are relatively small; that is, 

t // 

“ Wk """■ 

A term a^lip — pk) becomes espe¬ 
cially important when (p — pk) is 
small, and if a particular pk —say 
Pi —is quite different from any of 
the others, then for p nearly equal 
to Pi Fq. (37) can be approximated by just its first term. If is small, 
then Oi necessarily has a small imaginary part that can be neglected 
(otherwise Z will have a negative real part for some values of to) and 



r = i = 2c,(p - pi) 


where 2Ci = 


1_ 

Re(Si)' 


(39) 


This is just the state of affairs which enables one to approximate a 
complicated circuit by a simple parallel-resonant circuit, because Eq. 
(39) is the same as Eq. (246). The curve of F(w) for Eq. (39) has the 
form shown in Fig. 7-06, and the curve Z(ci;) in the RX plane has the 
form illustrated in Fig. 7-10. 

When two or more of the p^^s are nearly equal, things become more 
complicated. To keep the illustrations reasonably simple, it will be 
assumed that pi and p 2 are nearly equal in Eq. (38) but that they are 
very different from any of the remaining Pa-'s. Then for p nearly equal 
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to pi and p 2 the first two terms are of comparable importance, and the 
simplest useful approximation to Eq. (38) is the sum of the first two terms. 
For simplicity, it will be assumed that ai and have negligible imaginary 


parts ^ so that, 

in analogy to Eq. (39), one may write 



„ _ 1 1 1 1 

2Ci p — Pi 2(72 P — Pi 

(40) 

or 

_ 1 ^ (p - P>)(p - Ps), 

z p — P« 

(41) 

where 

p C,C2 

C, + C 2 


and 




C i pi -h C2P2 
C 1 + C 2 


Ce 


3.^ 


“ 3 - r 


(«) 


It is evident that for a certain range of p the properties of the sj^stem 
can be represented by the equiv¬ 
alent circuit to the right of the 
terminals A in Fig. 7-11a. The 
Z(w) and Y (qj) curves have the gen¬ 
eral forms illustrated in Fig. 71 It) 
and c. To a first approximation, 

|Z(w)| has a maximum and lF(uj)l 
has a minimum for w = wi and 
ti) = ci32; |^(tj)| has a minimum 
and |F(w)l a maximum for u; = wo- 
When the terminals A are open- 
circuited, the system has the 
natural modes pi and P 2 ; when 
the terminals A are short-cir¬ 
cuited, the system has the natural 
mode p(). When any admittance 
Y'j which varies only very sloAvly 
with frequency, is connected 
across the terminals A, the system 



Kifj. 7-11.— (a) Equivalent circuit repro- 
.seiitiiig the caaB of two poasiblc traiiaient 
iiinrlns of D8i’ilIation; (?>) the Z{u) curve for 
the. circuit of Fig. 11a; (c) the y’(w) curve 
for the circuit of Fig. 11a. 


has normal modes that are solutions of the quadratic equation 
2C(p - pi)(p - Pi) + Y'ip - p„) = 0. 


(42) 


^ In the general case this is not necessarily true, and the equivalent circuit in 
Fig. 11a may not be appropriate. This point is discussed, for instance, by Bode 
in Network Analysis and Feedback Amplifier Design^ Van Nostrand, New York, 1!)45, 
p. 202. The general argument to be outlined can be applied equally well to any 
iiircuit, but for purposes of illustration a circuit has been chosen that brings the 
normal modes directly into view. 
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If represents a passive circuit element, the solutions necessarily have 
negative real parts; but if has a negative component of conductance, 
it is possible for one or more of the solutions to have positive real parts. 
In the latter ease it is possible for one or more modes of oscillation in 
the circuit to build up from any slight disturbance of the system such as 
might arise from thermal excitation or any other source of noisp. 

For the present it will be taken for granted that it is sensible to 
substitute the electronic admittance Yc for Y* in Eq. (42). Since the 
aim here is simply to illustrate the qualitative aspects of the problem. 


(li 



(ri) ih) 

I'lij. 7-12.—(a) The general behavior of Lhe roots vjf/e and plotted in the w — ^ 
jjliiiie for the iiulii'.ated negative values of G,’, {h) the relateil riirve. The fi-Mxis 

[•oincides with the operating curve —GeV. 

it is also assumed that Y, is a pure conductance. To proceed further, 
one must find how the roots of the equation 

2C{p - pi){p — p.) + G,{jp — pd) = 0 

vary when takes on negative values. There are tAvo roots, p = q\{Ge) 
and p = q‘i(G,)] these can be plotted in the p (or J, w) plane and will 
trace out a curve as 0% varies. When Gn = 0, the roots are, of course, 
pi and po; that is, ryi(O) = pi and ^ 2 ( 0 ) = pn. When G^-^ — 00 , one 
of the two roots must approach po (Avhich of the roots does this depends 
in a ratlier complicated Avay upon the values of pi, p 2 , and po), and the 
other root must approach (+oo,0). The general behavior of the roots 
for negative values of G, is illustrated in Fig. 7T2a. The related Tl(0,w) 
curve is shoAA'n in Fig. 7T2b. 

According to the simplifying assumption made above—that Y^ is a 
pure conductance—the operating curve in Fig. 7T2b lies along the G-axis. 
It intersects the yi,(0,w) curve in the points a, 7 and these points 
correspond exactly to those similarly labelled in Fig. 7T2a, where either 
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r/i or 0^2 is a pure imaginary. The criterion for stability based on Fig. 
7*8 is fulfilled at a and y provided 5Ge/5t^ > 0 and at /3 provided 
bGc/^y < 0- That criterion, however, is only a neoessary condition for 
stability inasmuch as its fulfilment insures merely that a state of oscilla¬ 
tion is stable against its own transients. We wish further to find out 
which of the states listed above are stable against transients of other 
modes of oscillation; this can be done by means of Fig. 7T2fi. 

The point a. is associated with a value of —2.8 for Ge and with a value 
of —7.2. For both of these values of Ge the real part of r /2 is positive and 
this circumstance implies that a mode of oscillation associated with will 
build up exponentially from any small disturbance. Consequently one 
may conclude that neither a nor represents a truly stable state of oscil¬ 
lation. At the point y, on the other hand, the value of is —1.2 and for 
this value there is no q that has a positive real part; consequently y 
represents the one completely stable state in the present example. The 
above conclusions, however, are based on the assumption that the 
space charge can be treated as a linear circuit element, which is obviously 
an oversimplification. If the conclusions wtto valid, it could happen only 
as the result of exceedingly improbable circumstances that either one of 
two modes could be stable alternatively under identical operating condi¬ 
tions, Avhereas such instances are commonly observed wdth c-w magnetrons. 
Therefore the next step is to inquire how the foregoing considerations can 
be modified so as to take into account the nonlinearity of the space charge, 
particularly w^hen the voltage contains compommts of different frequencies. 

A voltage of the type expressed by Eq. (37) can also be expressed as a 
sinusf)idal voltage wdth superimposed amplitude and frequency (or 
phase) modulations; that is, 

Vi = (43) 

If, in Eq. (37), the are relatively small and the differences between 

the co's are also small, V and 0 in Eq. (43) are slowly varying functions 
of the time; thus the modulations are slow. Since no fundamental 
change in the symmetry of the electric fields in the interaction space of 
the magnetron is involved, the electron stream, or '^space-charge wheel, 
can readily accommodate itself to the slow modulations. That is to say, 
the relation between V and must be practically the same as for steady- 
state operation, although they both vary w ith time. Thus 

Li = L(0 exp [jwi + (44) 

W’here 

Lit) = r.[r(<)]- (45) 

For the present purposes it is sufficient to consider a case where Eq. 
(37) contains just two terms, one much larger than the other, and wffiere 
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the frequencies are real, in which case Eq. (37) can be written as 




= Fie'“‘' + Fae'--' = 





(46) 

where a- 

= Vi/Vi 

« 1 and 0 = 0)2 — wi- 

For this case 
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whif-h can be approximated by 
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Equation (45) car 

1 be iipproximated by 
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where 


Thus Eq. (44) becomes 

l,i = 7,(Fi)(l + 6 cos f20(l + .?V sin (50) 

If the term in trS is neglected, \'a{. (50) can also lx* written 

Tci = l\V,} (l + ^ + * 2 " 

We assume that the cross ti'im in wi — 12 = 2[ji — cjo can be ignored; 
then Eq. (51) can be written 



The terms in parentheses evidently arc the effective admittances for the 
respective voltage components in ICq. (46). 

In what follows 7,, will be treat'ed as a real quantity, in accordance 
with the simplifying assumption made previously that the operating 
curve lies along the C-axis. (If 7^ were considered to have an imaginary 
component, the real and imaginary parts could be treated independently 
in the way indicated above.) A plot of —7^ (actually, of the real compo¬ 
nent of — Jf ) against V is presumed to be of one or the other of the general 
types illustrated in Fig. 7T3a and c; corresponding operating curves are 
shown in Fig. 7135 and d. The solid parts of these curves correspond to 
observations made on steady-state oscillations; the dotted parts are 


7e dv)v 


« 1 . 


V = Vi 
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based on indirect evidence discussed in Chap. 8. When the magnetron 
is oscillating steadily at frequency u)i at the point {y\ /'J in Fig. 7-13a, 
the space-charge conductance G\ for the steady-state oscillations is equal 
to I'JV') however, the space-charge conductance Gi for any super¬ 
imposed transient of small amplitude at some frequency [ 1 J 2 distinct from 
cji is equal to one-half the sum of TjV' and the differential conductance 
dIeldV at that point. (For a superimposed transient at frequency wi 
the conductance is just dl^/dV.) Since, in general, G^* is considerably 
less negative than Gi, an established state of oscillation has the odds 



B 



(c) (f/) 

Fiq. 713.— (a), (c) The real component of the electronic current P plotted va. the a-u 
voltage V\ (b), (d) the operating curves corresponding to Fig. 7-13a and c. 


weighted in its favor; thus hysteresis effects can be accounted for. 
Nonlinearities will not, however, serve to stabilize oscillations under the 
conditions represented by the intersection C in Fig. 7 9 and by p with 
bG^/b V < 0 in Fig. 712. Inasmuch as sTc/sf is more negative than 
T,/V in these cases, as at the point e in Fig. 713c, the electronic conduct¬ 
ance is more negative for a transient than it is for the steady state. 

As regards turn-on phenomena, the nonlinearity of the space charge 
tends to stabilize the mode of oscillation that builds up most rapidly. 
The initial buildup of oscillations can take place only along an operating 
curve such as is represented in Fig. 7-13a and b as distinguished from 
Fig. 7-13c and d. For such an operating curve the space charge is 
approximately linear for small values of F; that is is nearly directly 
proportional to F, and the earlier discussion based on Fig. 7-12 is directly 
applicable. Thus for the conditions represented by that figure it is 
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evident that Mode 2 will build up more rapidly than the other mode, 
inasmuch as Ge starts out by being strongly negative and ^2 is then also 
strongly negative. It so happens that, in this situation, the most stable 
mode is also the one which starts most rapidly. It can happen, however, 
that the mode which starts most rapidly is not the most stable on the 
basis of a linear space charge but is nevertheless able to establish itself 
because it always has by far the greater amplitude when the nonlinearities 
first become important. In that case the preferred mode will not neces¬ 
sarily be the one of minimum steady-state Gl- 

The alcove discussion of nonlinearities of the space charge is based on 
the assumption that only one of the amplitudes is large. The case where 
two amplitudes are large can be treated by the method outlined in 
Chap. 8. 

The emphasis in this section has been principally on stability and 
transient behavior for one specific mode of the magnetron cavity as 
affected by loops in its Fl(w) curve. For the most part, the input 
conditions have been assumed to remain fixed or to vary only slowly 
and to be contained implicitly in the operating curve. Related problems 
are trc'ated in Chap. 8, but there the emphasis is placed on the effect 
of rapid variations in the input conditions, and the Yl{^) curve is gener¬ 
ally assumed to have the simple form illustrated in Fig. 7Y)b. Because 
of the complexities that are involved, no adequate effort has been made 
either here or in Chap. 8 to take into account the reactances that may be 
present (and that physically are never entirely avoidable) in the input 
circuit of the magnetron. In principle the reactances can give rise to 
more possibilities for instability, since they introduce additional degrees 
of freedom into the complete system. 

In magnetrons that are tuned by means of a very tightly coupled 
auxiliary cavity there exist modes of oscillation that are all associated 
with one definite mode of the magnetron cavity but have frequencies 
which differ by 10 per cent or even more. In such cases it is no longer 
justified to treat the space-charge properties as independent of frequency; 
selection among these modes involves some of the factors that enter 
into the selection of the various natural modes of the magnetron cavity. 

7-5. The Description of Magnetron Performance.—It was shown in 
Sec. 7-2 that the performance of the magnetron can be expressed in terms 
of three functions of four independent variables and that by making use 
of the approximation that the space-charge properties are insensitive 
to the frequency, the numVier of independent variables can be reduced to 
three. If this approximation is adopted, one then has to deal with func¬ 
tions of the general type 
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which are to be represented by means of graphs. If the possibility of 
interpolation is allowed, z can be held at some fixed value z' and the 
resulting function plotted as 

= F{x,y,z') 

in two dimensions by drawing contours of constant u' in the xy-plane. 
The contours are simply curves defined by the relation 

1 / = f{x,y) 

when u' takes on a series of discrete constant values. If F is to be repre¬ 
sented for all values of a set of contour diagrams, one diagram 

fur each of a series of values of 2 , must be plotted. Any one diagram, 
regardless of type, is necessarily incomplete, since it alone can give no 
indication of how the performance of the magnetron is influenced by 
variations in 2 . , 

By following the scheme just outlined, Eqs. (8a), (86), and (9a) can 
be represented in a great many different Avays; there are 6 choices for 
the variable 2 , and for each choice of 2 there are 10 choices for the pair 
or 00 choices in all. Some of these systems of relations might be 
impractical because of multiple-valued functions, etc., but it is never¬ 
theless surprising that only two types of diagram are very widely used. 

These diagrams which are in general use fall into two classifications: 
those in which yr is held constant and those in which the magnetic field 
(15 is held constant. The former are of value in exhibiting those properties 
which are not extremely sensitive to the load, such as the useful range of 
operating conditions. 

In many more specialized problems, however, the interesting phe¬ 
nomena occur at constant applied magnetic field; detailed information 
about dependencies on (B is therefore superfluous and can profitably be 
left out of the diagram in order to make room for the display of informa¬ 
tion al)out the dependencies on the load T/r- 

Probably the most familiar diagram of magnetron performance is the 
'Performance, chart. Ideally in this type of diagram the external load 
Vt is held fixed, J and V are the independent variables, and F, (B, and B,. 
are represented by contours. Ordinarily the poAver P is plotted instead 
of V and the frequency v instead of Bcj but this does not alter the shapes 
of the contours. As the load is constant, Ge is also constant, and a curve 
of constant Pe = GeV^ is also one of constant V. Furthermore as 
— B, = Bl = Be ^ ^‘kC{v — vu) and Be and vu are constant with con¬ 
stant external load, contours of v and Be are identical. 

Another AAidely used type of diagram is the so-called Rieke diagram 
in Avhich the magnetic field (B and the current I are held constant; the 
two components of the load are the independent variables that provide 
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the coordinate system in which contours of r-f voltage V (or power P)^ 
electronic susceptance Be (or frequency i^), and input voltage are plotted. 
Alternatively, the diagram may be taken at constant input voltage V, 
with the current I plotted as contours. The pair of variables that 
specify the load can be chosen in numerous ways: the conductance Gk and 
susceptance Be, the normalized values gr and hr, or the absolute value 
and angle of the complex reflection coefficient g?’ = (1 — 3 / 2)/(1 + Vt), 
etc. It is to be noted that in this type of diagram two variables are held 
constant. If the assumptions implicit in Eqs. (8a), (8b), and (9a) are 
valid, there must be some redundancy in the diagram for two independent 
variables are used where one should be sufficient. On the other hand, 
the diagram can represent the properties of the magnetron regardless 
of whether or not those assumptions are valid, that is, even Avhen the 
space-charge properties and the transducer functions vary appreciably 
with the frequency. 

In the ideal case the various Rieke diagrams take on very simple 
forms. The simplest form occurs when the components of the admit¬ 
tance Yl are chosen as the independent variables. In that case all the 
constant-y contours coincide and are identical with the operating curve 
discussed in Sec. 7-3, and the V and V (or P) contours are just the scale 
marks that indicate the conesponding quantities along the operating 
curve. Other Rieke diagrams, which involve different independent 
variables, can be regarded as being generated by transformations of 
the operating curve. In general the frequency contours become sepa¬ 
rated because the transformation involves the frequency—each frequency 
contour is shifted b^^ an amount that depends upon the frequency. 

If the diagram is drawn in the Y, plane, the transformation from the 
YL plane is 

Gt = Gl — Gvf Bi = Bl — ‘iirCiv — 

The form of the diagram and its relation to the operating curve are 
illustrated in Fig. 7T4b. The diagram will have a similar appearance 
in the Ye and yr planes in so far as the transducer properties involved 
do not vary appreciably with the frequency;^ and if this is so, then Fig. 
7T4b can also represent the diagram in the yr plane. If instead of 
rectangular coordinates the Smith chart is used for gr and hr, the diagram 
should have the appearance illustrated in Fig. 7T4c. Plotting the dia¬ 
gram in the Smith chart is equivalent to a transformation to the Qt 
plane where qr is complex and is related to yr by qr = (1 — yr) /(I + yr). 

^ In thp roordinate system Ge, Re, the diagram will be similar except for the 
frequency shift vv — Vv connected with the susceptance ^ that is associated with the 
output coupler; if varies non-uniformly with frequency, the frequency contours in 
the Ye plane will not be uniformly spaced. 
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At some other pair of terminals such as S in Fig. 7-5c, the diagram differs 
from that at T principally by a rotation. 

Figure 7-14c may be considered to be an ideal Rieke diagram. It is 
distinguished by the following features: the constant-F (or P) contours 
and constant-F contours are a set of circles all tangent to the unit (or 
{yr = circle at a common point, and the constant-?/ contours also 



l"ia. 714. (a) Ideal Rieke diai^raiu in the FL-plane; (^) ideal Rieke diagram in tlie 

Fe-plane; (c) ideal Rieke diagram in the refleetion roeffirlent plane. 


converge at that point. Any diagram constructed from experimental 
data shows several departures from the ideal form, on account of one or 
more of the circumstances listed below. 


1. The quantities a, bj c, d of Eq. (17) are not constant but vary 
with the frequency. Each constant-r contour is transformed 
differently from its neighbors, and the contours do not have a 
common point of convergence. The P and F contours have 
similar shapes but are not circles. 

2. The transducer is not dissipationless. The P and F contours do 
not have exactly identical shapes; the P contours may become 
kidney-shaped. Furthermore the r-contours (extrapolated) may 
converge at a point outside the unit circle. 

3. The space-charge properties are not independent of frequency. 
Some dependence is to be expected, merely on the basis of the 
scaling relations; however, at constant current one should expect 
the relative change in the voltage to be a little smaller than the rela- 
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live change in the frequency. It is also possible that ''detuning"' 
of the cavity by means of reactance coupled into just one oscillator 
may affect the space-charge properties by distorting the pattern 
of the electric fields in the interaction space, and these effects 
might be expected to give rise to kidney-shajjed power contours. 

4. The measurement of the power is likely to be affected by a system¬ 
atic error which increases with the standing-wave ratio in the 
transmission line, particularly when the power is measured calori- 
metrically and no account is taken of losses in the standing-wave 
introducer. 

5. The diagram may be incomplete because the load actually used 
in the experiments is resonant. When the external load varies 
rapidly with the frequency, the stability relations are such that 
some regions of the Rieke diagram become inaccessible. This 
effect is discussed in considerable detail in the following section, 

7-6. The Mismatched Transmission Line as a Resonant Load.—The 

effects caused by mismatches, or standing waves, in the output trans¬ 
mission line of a magnetron are important both in practical applications 
and in laboratory experiments. Probably the best illustration of the 
nature of these effects is provided by the behavior of a tunable magnetron 
operating into a moderately long, mismatched line. Figure 7T5tt and h 
illustrates the tuning curves that are observed with pulsed magnetrons 
under those conditions. Fig. 7T5fi with a small mismatch, and Fig. 715^ 
with a fairly large mismatch. In these figures, x represents the position 
of the tuning mechanism; the light straight line is the tuning curve 
observed when the line is perfectly terminated, and the heavy curve is 
that observed when there is a mismatch. 

Under conditions that correspond to Fig. 7T5a, the magnetron is 
observed to have an abnormally broad spectrum over those parts of the 
tuning curve which arc nearly vertical. In addition, the frequency 
varies rapidly if either the input current to the magnetron or the output 
load is changed. 

Under conditions that correspond to Fig. 7T5b, the operation of the 
magnetron is generally satisfactory except for tuning adjustments that 
are near the breaks in the curve; at such points two frequencies are 
excited randomly at successive pulses. However, since the tuning curve 
is discontinuous, it is not possible to adjust the frequency to any arbitrary 
value, some values being inaccessible. 

Figure 7T5c has been added to illustrate the sort of behavior that 
might be expected of a c-w magnetron under the conditions of Fig. 7T5&. 
In the neighborhood of a break two frequencies are possible; the adjust¬ 
ment at which the break occurs depends upon the direction from which 
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the break is approached. Although the discontinuities in frequency are 
not so large as in Fig. 7-15b, there are nevertheless some frequencies 
that are inaccessible. 

The spacing Av between the breaks or anomalies in the tuning curve 
depends upon the length of the transmission line measured in wave¬ 
lengths; the width of the breaks WAv depends upon the degree of mis¬ 
match. The location of the breaks varies uniformly with the phase of 
the reflection; and if the tuning adjustment is held fixed and the phase 
is varied, the frequency may change rapidly or discontinuously at some 
particular phase. Thus a mismatched transmission line can also lead to 
unsatisfactory operation of a fixed-tuned magnetron if the reflection 
in the line is variable. 



I’lLJ. 7-15.—TuniiiK nurvea: (ri) Pulsed niagnetron, slightly luiHirmichDrl line; (5) pulsed 
tiiagnetroii, greatly luisnuitidied line; (c) c-w magiietiDn, greatly iiiisinatelied line. 


Many variaiions of the effects just described are possil)le. For 
example', thi' mismatch may arise not only from an imperfect termination 
of the transmission line but also entirely or in part from reflections that 
occur at interim^diate points because of imperfect joints and bends. In 
the latter case the refletddons may reinforce each other at some frequencies 
and tend to cancel at others. The general result will be that the breaks 
or anomalies in the tuning curve are irregularly spaced and the widths 
of the breaks arc unequal. Inasmuch as the more complicated cases 
involve the same general con.siderations as the simpler ones, the subse¬ 
quent discussion will be confined to the somewhat ideal case where the 
mismatch arises entirely from an imperfect termination. 

In the ideal case, the phenomena described above can result only 
from the influence of waves that have traveled to the end of the trans¬ 
mission line, been reflected there, and returned to the magnetron. The 
phenomena cannot occur when the two-way transit time of the trans¬ 
mission line exceeds the length of the pulse generated by the magnetron 
and must therefore disappear when the line is made very long. In 
view of this fact, the phenomena have sometimes been referred to as 





322 


THE SPACE CHARGE AS A CIRCUIT ELEMENT [Ski;. 7-6 


‘*short-line effects,” although the term ‘^long-line effect” has been more 
generally used in the United States. Most of the following considera¬ 
tions are based upon steady-state formulas for the admittance of a 
mismatched transmission line, and it is therefore implied that the transit 
time of the line is small compared with the length of the pulse. In 
practice, the results derived seem to apply fairly well when the transit 
time is only a few times smaller than the pulse length. 

The tuning curves illustrated in Fig. 7T5 are closely related to the 
admittance curves F(i'). The latter might be calculated by substituting 
in Eq. (33) the appropriate values of yr obtained from transmission-line 
charts or formulas. The possible variety of y(i') curves is very great, 
since many parameters are involved, but it will be shown that all of the 
curves can be derived from a two-parameter family of curves. The two 
parameters can in a certain sense be thought of as (1) the degree of mis¬ 
match in the line and (2) the ratio (Q of the line)/(^2 of the magnetron). 

In computing the admittance yr it is assumed that the transmission 
line is terminated in a load with a reflection coefficient q = \(i\ exp (j0) 
which is independent of v. At the terminals T of Fig. 7-5c the reflection 
coefficient qr is given by 

qr = [Igl I'xp {2al)][e\Tp j{it> - 2fil)] = a oxp (jS), (53) 

where a — j/3 is the propagation function of the transmission line; a 
may be treated as a constant, but varies ^vith u. 

In terms of the standing-wave ratio p at the magnetron 


ti 


(p — 1) 

(p + b) 


where p is the SWVR. Since ^ = 27r/X„ where X„ is tlie “wavelength 
in guide” for the transmission line, 


e = 



(54) 


For some frequency 6 is just equal to — (2n l)7r, and for frequencies 

not too different from i/i, one may use for 0 the approximate expression 


u'here 




(„ — J/u) = 


I ^ V — rn 
Xo Xi) j^o 


(55fi) 


e = 21 


(55b) 
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The admittance yr is given by the formula 


or, in terms of e, 


and 


gr — 

hx — 


yr = 


1 — — ^'2a sin 9 

1 + _|_ 2a cos 9 

1 — 


1 + a^ — 2a cos 2irt 

— 2a sin 2x6 
I + a- — 2a cos 27rE 


= gU,a) 

= i>(s,ll)- 


(50a) 


(505) 

(50c) 


For the calculation of Vk it is convenient to write Kq. (33) in the form 

+ yr 

Cl Cl Co 
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(57) 


g» - Q- , 


ha — 2 Qkm 


Vi) — vij 


and 


Va Qkm An Xd 


Tf the transmission line is fairly long, the possible values of pq are 
close together and va can be chosen nearly etpial to v,/. Jn that case 

^ _ I X„n 1 ^ I X„r 1 

Xo Xo QkM Xr X[' Qkm 


(58) 


The general shape of the YiXp) curve depends upon the terms in the 
square bracket, since they alone depend upon v] the parameters that fix 
the shape of the curve are A and a. 

For convenience, the square brackiT of Eq. (57) will be represented 
by the (quantity w = ii + jVj where 


u = g{E,a) 


and 


’’ ^ T 


(59) 


The YLiv) curve has the same shape as the w{e) curve; it differs from it 
by scale factors Yc/Qem = AYl/^w and (cXo)/(2^\„d) = Av/Ae and by a 
translation ga + jho. Tuning the magnetron, which amounts to changing 
vu, translates the curve vertically, since bo varies almost linearly with vy. 

The shape of the ic(e) cuiwe is governed by the y)arameters A and a. 
Three general forms are possible; the separate components of ic(e) are 
illustrated in Fig. 716, and the function iu(e) in Fig. 7T7. If the quantity 
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is less than zero, the w{e) curve has loops, as in Fig. 717c. If 5 = 0, 
the curve has cusps as in Fig. 7*176; if 5 > 0, the curve has merely undula¬ 
tions as is Fig. l \la. 

When the operating curve cuts across a loop in the Y{v) curve, there 
are two intersections and therefore two distinct frequencies at which 
oscillation might be stable. In case the loops are so large or so closely 
spaced that they overlap, there may be four or more such intersections. 



Fiij. 7.hi. 1 11^. 7.17. 


Fiii. 7-1B. — Plots of iliG ierma of Eq. 59. (re) Valiiea of f) (e,«) and t/A as fuiiGtioiis of 
E for three values of re; (f)), (r), (d) values of o (t.re) as funntions of e for the same three 
values of re; (t’) the funelion v — t/A -|- b (t.re) plotted against e for the same three values 
of a. The parameter A is kept ronstant at I/tt. 

Fib. 7-17.— (a), (f)), (c) The funrtioii w = u -|-jv of Eri. (59) for the three ronditions 
shown in Fig. 7-IB. Values of e are indicated. 

An extensive series of experiments was performed ui the MIT Radiation 
Laboratory with a pulsed 3-cm tunable magnetron and various values of 
/, the line length, and of a, the degree of mismatch. From these experi¬ 
ments it was concluded that oscillation is ordinarily established at that 
intersection which has the lowest value of Gl\ only in cases where the two 
lowest values of Gl are nearly equal are two frequencies excited randomly 
at successive pulses. 

In other words, the tuning curve of Fig. 7*156 can be interpreted in 
the following way. As the magnetron is tuned, the ic(e) curve of Fig. 
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7-17c is moved across the operating curve and the frequency of oscillation 
corresponds to the intersection of minimum Gl. At the stage where 
there are substantially two such intersections, the frequency alternates 
randomly between two well-separated values; otherwise the frequency 
changes discontinuously as that stage is passed. The width of the break 
in the tuning curve WAv is exactly equal to the frequency interval that 
carries the Fl(i/) curve completely around a loop. 

The irregularities in the tuning curve in Fig. 7-15a can be interpreted 
in a similar manner. The steep parts of the tuning curve correspond to 
those parts of the curve where i;(e) varies very slowly with e. When 
conditions are such that the Y{v) curve and the operating curve intersect 
at a very small angle, one should expect the frequency of oscillation to 
A ary rapidly not only with the tuning adjustment but also with the input 
[•onditions of the magnetron, as a small shift in the operating curve 
must lead to an appreciable change in v. Consequently it is under¬ 
standable that the spectrum, or Fourier analysis of the pulse, should be 
abnormally broad in such cases. To a fair approximation, the develop¬ 
ment of a cusp in the curve represents the transition from an uneven 
tuning curve to a broken one, although if the operating curve has an 
appreciable slope, the transition occurs at a somewhat lower value of 
a than that whi(;h leads to a cusp. In practice, however, tht^ transition 
is gradual, since it is difficult to distinguish between one broad spectrum 
and two broad spectra with nearly equal center frequencies. 

The spacings Av of the breaks or irregularities in the tuning curves 
correspond to the period of the functions g(E,a) and ?^(E,a), Avhich is 1 in e 
or in v. Tf I is expressed in meters, v in megacycles per 

second, and the value 300 meters/Msec is used for c, then the sjjacing 
is equal to 

150 A meters X megacycles 

I 


Av = 




second 


(Ol) 


and is actually just the spacing between the resonances of the trans¬ 
mission line. The width WAv of the breaks can be computed on the 
basis of the loop that occurs near e = 0 (Fig. 7T7r’). The values of e 
Avhere the it;(E) curve intersects itself and the a-axis are the solutions 
(other than e = 0) of 

4 + = 0. 


It is simpler, however, to compute the value A' that will give rise to such 
intersection at s.' from the relation 


1 ^ 

A' 


bW,a) 


The width ll'A;' of the breaks is equal to 2s' Ap. 


( 62 ) 




326 


THE SPACE CHARGE AS A CIRCUIT ELEMENT [Sep. 7-6 


For practical purposes it is convenient to express ^ in a form that 
involves the pulling figure F of the magnetron rather than Qemj as 
ordinarily F is given in the specifications. From the relation 


,, 0A2vlJ 
Qem 




(63a) 


where tan u is the slope of the operating curve of —B,. vs. —Gtj it follows 
that 



_ 

.42c sec a 


(63b) 


In Fig. 718, Eq. (62) is presented graphically by plotting a against the 
quantity l{\g/\)F for various values of W = 2e'. In constructing the 



figure a value of 1.05 has been assumed for sec a, so that the coordinate 
KK/^)F is numerically equal to 131 A. 

The uses of Fig. 7-18 are illustrated by the following example. It is 
proposed to use a Waveguide transmission line 10 meters long with a 
pulsed 3-cm tunable magnetron. The pulling figure F of the magnetron 
is 15 Mc/sec; \/\ for the waveguide = 1.3; and the attenuation is 
0.20 db per meter. The follo^^-ing information is then required: (1) 
the permissible mismatch of the termination if the operation of the 
magnetron is to be satisfactory ac all frequencies \Authin its tuning range 
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and (2) the effect on the performance if the standing-wa^ve ratio of the 
termination reaches 2.0. In this example, l\/\ = 13, so that the spacing 
of the irregidarities in the tuning curve is -W" = 11-5 Mc/sec. The 
quantity is equal to 195. The attenuation factor of the guide is 

antilug 10 2.0 = 1.0. 

The folloAving (‘onsiderations then apply: 


1. The value of a that corresponds to lF\g/\ = 195 and W = 0 
is found from Fig. 7T8 to be 0.06; multiplying by the attenuation 
factor gives the value \q\ = 0.096, Avhich corresponds to a standing- 
wave ratio p = 1.2 for the termination. For perfectly satisfactory 
performance at all frequencies a SWVR somewhat loAVer than 1.2 
Avill be required. 

2. The value p = 2.0 corresponds to |r/l = 0.33 and 


From Fig. 7-18 the value 11' = 0,65 is obtained, and the widtli 
of the breaks in the tuning (airve is thus etiual to 

11.5 X 0.65 = 7.5 Mc/sec. 

Thus Avith a termination of SWVR 2 one cannot be sure that the 
transmitter can be adjusted to any arbitrarily chosen frequency 
more closely than Avdthin ±4 Mc/sec. 


The c.onsiderations that apply to tunable magnetrons apply also, 
of I'onrse, to fixed-frequency magnetrons. However, in the case of the 
latter the effects connected Avith long transmission lines can be examined 
in greater detail by making use of Rieke diagrams. Consider first an 
ideal Rieke diagram appropriate to the terminals T of Fig. 7-5c, such as 
is illustrated in Fig. 7T9a. The ideal diagram appropriate to terminals 
at a distance s to the right of T can be obtained by rotating each contour 
of Fig. 7T9a through an angle equal to 47r5/X„; since \g depends upon v, 
each contour is rotated differently. The appearance of the new diagram 
Avill be determined l)y the relative rotations of the various contours. 
T4^t the value of v for the contour that passes through the center of the 
diagram be denoted by vo and the rotation of the other contours, relative 
to the vq contour, be denoted by ^(r). By analogy Avith Eq. (55b) 
one may Avrite 


iS X,f 




V — Vo 
Vq 


(64) 


As the result of this transformation, the ideal diagram appropriate to 
the extreme end of the transmission line will take on a form such as is 
illustrated in Fig. 7T9b. 
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According to this figure, . is a multiple-valued function of the load 
in some regions of the diagram; these regions represent just those values 
of the load which give rise to loops in the YU») curve. When the stability 



(a) 


(b) 



(c) ((i) 

Vifi. 719.—TranafonnatiDns of the Ricke diagram, (a) The ideal Rieke diagram at the 
DUtput terininaLs; (b) at the extreme end of the traiiBiniHainn line; (c) artual contDiH’s 
observed for PDiiditiun (b); (rf) reault of transforming diagram (c) bark to the output termi¬ 
nals referred to in diagram (a). 

relations are taken into account, it turns out that the contours which 
might actually be observed arc those illustrated in Fig. 7-19c. The point 
aS of this diagram has sometimes been referred to as the “frequency 
sink.“' 

* It is only for loads w-hich fall within the shaded region of the figure that there 
is an uncertainty in the frequenry of oseillation. 
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When the diagram of Fig. 7-19c is transformed back to the terminals 
T, it takes on the form shown in Fig. 719d. The last figure illustrates 
the fact that a long transmission line makes a part of the ideal Rieke 
diagram inaccessible for measurements; the size of the region increases 
with the length of the line and with the pulling-figure of the magnetron. 
Tn experimental setups, the effective length of the transmission line is 
that which is included between the magnetron and the standing-wave 
introducer. Although this distance is relatively small—perhaps six 
wavelengths or so if a slotted section is placed next to the magnetron 
for standing-Avave measurements—it makes it very difficult to study 
the performance of pulsed magnetrons at the larger values of G^. This 
difficulty can be surmounted by using magnetrons with very small 
values of Qemj for if Qkm is small, large values of Gl are brought across 
the center of the diagram into the region where operation is always 
stable. With c-w magnetrons, these diffievdties might be surmounted 
by taking advantage of hysteresis, although it may hapoen that the 
phenomena discussed in Sec. 7-4 Avill prove to limit the usefulness of 
this procedure. 

7-7. Experimental Data on the Space-charge Properties.—This sec¬ 
tion consists principally of a summary of the results of a long series of 
experiments that were performed on a particular 2J32 magnetron (see 
Fig. 1918); all the data included in Figs. 7-21 to 7'3() were taken on this 
magnf'tron. 

The first set of experiments^ to be described were performed princi¬ 
pally to test the validity of the equivalent circuit analyses of the preceding 
sections and to find out if a Rieke diagram could actually be reduced to 
an operating curve. 

The properties of the output lead (actually a duplifiate provided by 
the manufacturer) Avere measured in the manner described in Chap. 5. 
Measurements were made at several different frequencies, and in all the 
subsequent calculations the variation of the transducer coefficients 
Avith frequency AA^as taken into account. By means of these coefficients 
and appropriate formulas, all measurements of impedances both on the 
"cold magnetron" and on the load in cases Avhere the magnetron Avas 
oscillating were reduced to impedances at the terminals ol the coupling 
loop. 

The analysis of the data has been carried out on the basis of the 
equivalent circuit shoAAm in Fig. 7’20. An elementary calculation h^ads 

to the result that the "cold impedance" Z —observed by "looking into" 
the loop, with the terminals A open-circuited—should be of the form 

>R. Platzman, J. E. Evans, and F. F. RielcB, “Analysis of Magnetron Per¬ 
formance, Part II,” RL Report No. 451, Mar. 3, 1944. 
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where 


•Z(v) = jliTrvLt, + 








2Trp., = 


'\/CU 


The*, term in Lq may be regarded as being the “leakage reactaiiee” 
of the loop. The measured values of Z{v) proved to be consistent with 

Eq. (05), and from them, by curve-fitting, 
C 0^^ Ly values of the constants Lo, Qu, and 

° _[ P 3 U were obtained. As will be shown presently, 

" ^7 > ° p Z ^loop) computation of the admittance Fl in 

Fiii. 7-20.— Eciuivalent nir- absolute units (mhos) requires that Yc be 
cuit for a loop-coupled mag- known, whereas the cold-impedance measure- 
” ments yield a value only for m^/Y A numer¬ 

ical value for Yc was computed from the value = 5.1 X 10“^" henry, 
given by A. G. Smith.^ 

Smith's measurement is based on the following considerations. If a 
capacitance AC is connected at the terminals A of Fig. 7-20, the square 
of the resonant wavelength should vary linearly with AC, and from the 
relation 

A(Xo) = (27rc)“L2AC (66) 


Ij 2 can be obtained. In the experiments AC was the increment in the 
capacitance of the slots caused by filling the slots with material of a 
known dielectric constant. (Smith's value of L 2 is consistent with one 
obtained theoretically on the basis of a very elaborate lumped-circuit 
model of the cavity.) The incremental capacitance AC in Smith's 
experiments may be regarded as the “standard impedance" upon which 
all the absolute values of r-f voltages and currents quoted in this section 
are based. 

From the cold-impedance measurements and the adopted value of 
Ln, all of the constants that appear in Eq. (65) can be given numerical 

^ A. G. Smith, "Establishmnnt of Tolrrances for the Eight-oscillator Magnetron/' 
B.S. Thesis, Massachusetts Institute of Technology, 1943. 
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values. To illustrate the magnitudes of these quantities, the values are 
given in the following list: 


Li = ();3 X 10"^ henry, 

]j 2 = 5.1 X 10”'" henry, 

M = 2.4 X 10~'" henry, 

(7 = 6.3 X farad, 

Fc = 0.111 mho, 

Q. = 1610, 


= 1.4 X 10^ 


ohms. 


The admittance Yl at terminals A as a function of v and the load 


impedance Z at the loop is given by 

Y,. = F. + F. 

where 



Z j2TrvL[j 


Data for three Rieke diagrams, 
all at approximately the same mag¬ 
netic fields (1300 gauss), were taken 
at input currents of 12.5, 17, and 
26 amp, respectively. Inasmuch 
as the diagrams are qualitatively 
similar, only the one at 12.5 amp 
Avill be shown in detail. Constant- 
power and constant-F contours, 
plotted in the G^, R^-plane are 
shown in Fig. 7-21 to illustrate the 
departure from the ideal forms of 
the Rieke diagram which would 



in mhos 


Fiu. 7-21.—Conatant output a-c power 
and constant input d-c vultaju;e contours in 
the Gefie-plane for a 2J32 magnetron oper- 
atinK at 1270 gauss and 12.5 amp. 


simply be straight vertical lines. 

In the cold-impedance measure¬ 
ments at frequencies far removed from resonance, the magnetron 
had a SWVR of about 90, or a reflection coefficient of 0.98. In the 
most unfavorable part of Fig. 7'21 the loss of power in the lead could 
thus not amount to more than 6 per cent. The admittances Yl for all 
of the experimental points are plotted in Fig. 7-22. This figure demon- 
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strates that within experimental error, all of the constant-frequency 
contours actually do coalesce into an operating curve when they are 
plotted in the FL-plane. 

The input voltage V and the power output are plotted against 

Gl in Fig. 7-23. The dotted curve 
in Fig. 7-23b represents PjGl/G^, 
the total r-f power delivered by the 
electron stream. In Fig. 7-24 the 
electronic efficiency rj,. = Pl/VI 
is plotted against Gl. These 
curves are an important consid¬ 
eration in the design and applica¬ 
tion of magnetrons, because they 
provide the means of relating the 
efficiency to the unloaded and 
external Q’s of the cavity. For¬ 
tunately, the general shape and 
the location of the maximum in 
these curves do not depend 
strongly on either the magnetic 
field (B or the current 7, so the 
most favorable choice of load for a magnetron is more or less independent 
of operating conditions. 

In addition to the Rieke diagrams, performance charts were also taken 
at several different values of Gl. In principle, this series of performance 
charts should constitute an exhaustive description of the performance of 
the magnetron. Actually, the data were accumulated over a con¬ 
siderable period of time, during which appreciable changes in the calibra¬ 
tions of the apparatus and perhaps also in the magnetron itself took place. 
The uncertainties thus introduced obscure many of the cross relations 
that involve relatively small differences between observed quantities. 
(This experience is mentioned to illustrate some of the difficulties encoun¬ 
tered in attempting to secure self-consistent data on magnetron opera¬ 
tion.) Consequently only one of the performance charts is reproduced 
as Fig. 7-25. 

When efforts were later made to extend the concepts and methods 
developed in this chapter to the transient behavior of magnetrons, the 
need arose for a better understanding of the relations among G^, F, F, 
and I at constant CB, and it was decided to work out these relations as 
completely as possible. Actually they Were worked out for just one 
value of CB. The necessary data were taken in the following way. The 
frequency was kept at a constant value v' throughout, and the contour 
v = v' was traced out in a Rieke diagram for nine different fixed values 


1000 150 



Ff(j. 7*22.— OperatiiiK rnirvB in the Gl, 
/i 7 ,-plane for inimt current of 12.5 amp and 
iiiaKiietie field of 1270 Kau»H. 
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0 1.0 2.0 3.0 4.0 N 10'^ 


= - C,, in mhos 



0 1.0 Z.O 3.0 4.0)110^ 

C^= - Gg in mhos 

(f>) 

I'm. 7-23.—(a) Input d-c voltago va. Gl] operating (‘.nnditiona 1270 gausa and 12.6-nmp 
input; (h) a-r power output vs. G/, for same operating eonditions. 


of y; for each observation g, P, and / were measured. Jn all, about 140 
observations of this kind were 
made. By taking all the data at 
one frequency, the computation of 
the Fi,’s was greatly facilitated. 

To avoid fluctuations in the mag¬ 
netic field, a permanent magnet 
was used. The combination of a 
very strong air blast for cooling 
and a low duty-cycle (1/2000) 
served to keep the temperature of 
the tube low at all times and 
thereby minimize changes in the 
resonant frequency that would 
enter as errors in Pi, in the final 
results. 

As has been mentioned pre¬ 
viously, there are many possible systems for representing the data graphi- 



Fiu. 

function 

current. 


7-24.—Electronic 
of Gi, for three 


efficiency 
values of 


r}e aB 
input 
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in ID 

cri 


P, kw 

V*, kv 

— Iri, amp 

P, kw 

V, kv 

— 7,1, amp 

25 

3.86 

6.83 

175 

10.21 

18.06 

75 

6.08 

11.83 

' 225 

11.57 

20.48 

125 

8.63 

15.27 

275 

12.79 

22.65 


Fig. 7-25.—(a), (ft) Performance charts. Operating conditions: 1120 PRF; 1.04 /usee — Gt = Gl = 1-77 X 10 ^ mho (mean value). 

Power contours are also contours of V and It . 
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cally. A few systems are illustrated (some only partially) in the following 
series of figures. Some of the figures are given because of their relation 
to topics discussed in various places in this book; others are given because 
they seem likely to be significant theoretically. 

In principle, the various sets of curves ought to be mutually consistent 
where cross relationships exist, but actually they are not entirely so. 
Generally, the curves have been drawn to fit plotted points that repre¬ 
sent pairs of values based on the original, individual observations. The 
drawing of smoothed curves is partly a matter of judgment, inasmuch 
as theoretical relationships are nonexistent. It has not seemed worth 
while to go through the elaborate process of adjustment that would be 
required to make all of the curves strictly consistent with one another, 



— Gj in mho 

7--K).—Opcratiiijn: rurv'i'.s with il-i* input Luirreiit T ms ijaramcter. 


to keep the curves plausibly simple, and at the same time to secure a 
good fit for all the data. 

Figure 7-20a, anrl c are straightforward plots of the original data. 

Figure 7-27 illustrates Xhv functions that appear in Eqs. (9a) and 
(9?;), represented by means of contours in the F, F-plane. 

Figure 7-28 is a plot of 7,i against V for various constant values of 
V and I. 

Figure 7-29a is the conductance map'’ used in Chap. 8 as the basis 
for the discussion of the transient behavior of the magnetron. 
The associated susceptance map is illustrated in Fig. 7-29f). 

Figure 7 30 contains operating curves for various constant values of /. 
Inasmuch as the frequency varies linearly with B, Avhen the external 
load is held fixed, these curves shoAV how the conductance Gl 
influences the degree to which the frequency depends upon the 
input current I. 
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TRANSIENT BEHAVIOR 

By F. F. Rikkk 

It is inevitable that a magnetron cavity with many resonators should 
have several natural modes of oscillation, and it is generally possible for 
self-excited oscillations to occur in more than one of the modes. Inas¬ 
much as the modtis have different frequencies and the operation in some 
of them is very inefficient, it is highly desirable that oscillations shoidd 
occur consistently in the proper mode. The problem of scuniring such 
correct proptu'ties of mode selection has a(‘tually been one of the major 
obstacles encountered in the development of new magnetrons. 

Ideas concerning inf)de selection tended for some time to center about 
the (joncept of interaction and competition between modes, and a great 
amount of effort was expeiide‘d on devising and trying out features 
designed to handicap os(;illation in undesired modes. As experience 
accumulated and techniques of observation improved, it became evident 
that any such simple approach could at best be only sporadically success¬ 
ful. Actually, mode-selection processes are diverse in nature and are 
influenced in varying degrees by many factors that have to do not only 
with the magnetron itself but also with the auxiliary equipment with 
which it is operated. 

Some essential parts of the present subject are treated in preceding 
chapters—the natural modes of the cavity in Chaps. 2, 3, 4, and 6 and 
resonance relations in Chap. 7. According to the resonance relations, 
self-sustaining oscillations in a particular mode can occur only if certain 
conditions are fulfilled by the magnetic field and applied voltage. 

In this chapter it will be shown that the resonance relations do not, 
in general, restrict oscillations to one mode but merely limit the possibili¬ 
ties. The deciding factors under these circumstances are (1) the noise 
levels existing in the various modes just prior to the starting of oscilla¬ 
tions, (2) the transient phenomena that occur at the onset of oscillation, 
(3) the stabilities of the states of oscillation. An evaluation of these 
factors is largely dependent upon the detailed observation of mode- 
selection phenomena. 

8-1. Steady-state Properties of the Modes. —The (N — l)-modes of 
an A-oscillator cavity, such as the magnetron cavity described in Chap. 2, 
are frequently spoken of as **the modes.” This chapter is concerned with 
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these modes of oscillation only, although it is possible that some mag¬ 
netron phenomena involve modes of other types. Throughout the 
discussion only cases in which N is even are considered. 

It has been shown by Hartree^ that when a Fourier analysis is made 
of the electric field in the interaction space, the only components asso¬ 
ciated with a mode of number n and frequency / are those which have 
angular velocities of ±2iTrfly, where y = n + mN and m is an integer, 
positive or negative. If the mode is to be excited by the space charge, 
it is necessary that something like a condition of resonance be established 
between the angular velocity of the electrons and some one of the Fourier 
components mentioned above. Hartrcc’s condition- is 

V-V, = (B - B,), 

where 

’''-=7 W. 

and 

n = 

. - \e ) y\ 

The value of V given by this formula is, theoretically, the minimum 
d-c voltage, at magnetic field 71, at which electrons can reach the anode 
when an alternating field of infinitesimal amplitude is applied; it should 
therefore represent a condition for the starting of oscillations in the 
7 -component. At magnetic fields less than oscillations in the y-com- 
ponent should not start at all. So far, excitation has been observed 
only through components for which m = 0 or — 1. The symbol (y/n/iV) 
is adopted here to indicate, in order, the component number, the mode 
number, and the number of oscillators; thus (5/3/8) indicates the (y = 5)- 
eomponent exciting the (n = 3)-mode in an eight-oscillator tube. In 
common practice, this condition is sometimes referred to as the 5-mode.'^ 
It should be emphasized that the (5/3/8)- and (3/3/8)-modes are 
identical in so far as wavelength and r-f field configurations in the cavity 
are concerned. They differ only as regards the conditions Avithin the 
space charge. The above equation may be represented graphically as in Fig. 
8T, which shows the Hull cutoff parabola and the Hartree lines for the 
modes commonly observed in eight-oscillator strapped magnetrons. On 
the basis of this diagram it should be expected that at a magnetic field 
equal to B'y excitation of the (n = 3)-mode should start at voltages 
V' and F'" and of the (n = 4)-modc at F''; at F"" the tube should draw 
current without oscillating. 

» D. n. Hartree, CVD lleport No. 1536, Mag. 17. 

» Ibid. 
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In the actual operation of a magnetron it is found that at constant 
magnetic field the voltage at Avhich a tube runs in a given mode increases 
with the direct current drawn and with the degree of loading of the r-f 
circuit. The d-c voltage relations for the (4/4/8)-mode of a typical 
eight-oscillator magnetron (the 2J32) for several different values of 
load at one fixed value of magnetic field are shown in Fig. 8-2. It may 
be observed that oscillation (at finite amplitude) is possible at a voltage 
somewhat below the value given by the Hartree formula. At constant 
current and load the voltage increases linearly ^\^th the magnetic field. 
Similar relations between Bj F, I, and load are observed for components 



B' B 

Fuj. 8-1.—Sebomritir Hartree diriKi'am for 
an eight-oanilhitor magnetron. 



Filj. K‘2. Cui rent-voltage relations [)f 
the (4/4/8j-iiiode of an ci^it-oscillalor 
magnetron at eonstaiit B with various 
values of load (srhciiiatie). 


□f other modes, although they cannot be followed over so great a range. 
It sometimes happens that some of the modes for which n 9 ^ N/2 are so 
weakly coupled to the output load that it is impossible to exert any 
appreciable influence on them by varying the external load. In such 
cases the output power may be so low that the wavelength can be meas¬ 
ured only with difficulty, even though the mode is strongly excited. 

For questions having to do with mode selection, one is frequently 
interested simultaneously in the (F,/)-relations of several components, 
all at the same magnetic field and at a fixed setting of some matching 
device in the output transmission line. The relations may be represented 
by (F,/)-diagrams, such as those shown in Fig. 8 3. The voltage of 
each component is, to a first approximation, equal to its Hartree voltage. 
The difference between the actual voltage and this approximation 
depends upon the load and the current, as is illustrated for a (4/4/8)- 
component in Fig. 8-2. However, it is important to remember that a 
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fixed setting of the matching device implies a different degree of loading 
for each mode, both because of the differences in coupling and because of 
the frequency sensitivity of the matching device. Thus, adjustments of 
the device may affect two modes oppositEily and may interchange the 
relative positions, in a (F,/)-plot, of the curves for two cEimponents 
with nearly equal values of 7 X. As the magnetic field is changed, the 
(F,/)-diagram changes in accordance with the curves shown in Fig. 81. 

The cutoff curve of Fig. 8-3 is drawm as it is observed in magnetrons 
of the type under discussion. It has sometimes been confused with a 
noncoupled mode of oscillaticjn. The fact that the current increases 
continuously rather tlian discontinuously at the cutoff voltage is a well- 
known discrepancy between magnetron theory and experiment. The 



[a)B<B^ [h)B>B^ {c)B<B^ {d)B>B^ 

FiiJ. 8-3.—SRhpiiintu! (y,7)-relations for an eiplit-osrillator magnetron: (a) and (b) 
with small wavelength difference between modes and (c) and (r/) w^ith large wavelength 
difference between modes. N.O. indicates a nonoscillating state. 


curve has been identified with cutoff because the bend occurs at approxi¬ 
mately the correct voltage, because the voltage varies quaElratieally 
with the magnetic field rather than linearly as do the modes, and because 
the current follows the application of voltage instantaneously (as far 
as can be observed) rather than with the delay of a few hundredths of a 
microsecond which is associated with the oscillating states. 

The nonoscillating state just above the (4/4/8) component indi¬ 
cated in Fig. 8-3b and d generally escapes observation because with 
many tubes it can be observed only if the pulser has special charac¬ 
teristics. However, such nonoscillating states seem to occur AA henever 
adjacent components are Avidely separated in voltage. 

Apparently, oscillations can persist in just one mode at a time. 
At least the author is unf^AA^are of any instance in Avhich a magnetron 
has been observed to oscillate in tAvo modes simultaneously and con¬ 
tinuously for as long as a very small fraction of a microsecond. Hoaa- 
ever, it is very common for oscillations to change from one mode to 
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another. Changes of mode may take place in either of two ways: 
One or the other of two modes may be excited at successive turn-ons 
or pulses, or oscillation may suddenly shift from one mode to another 
during the continuous application of voltage. In either case operation 
in each of the modes appears to be normal; that is to say, when the 
respective instantaneous currents and voltages are plotted in a (F,/)- 
diagram, the resulting lines for each mode appear as in Fig. 8 3, and the 
data join on continuously with (or may even overlap) those taken with 
the tube operating entirely in one mode or the other. 

8-2. Steady-state Properties of the Pulser.—The effect of the current- 
voltage characteristics of the pulser in determining the voltages and 
currents at which a tube may operate in any one of the various modes is 
now considered. For the present, the discussion is restricted to steady- 
state operation, thereby excluding the very rapid transients that occur 
at the beginning of oscillation or within an intrapulse transition from one 
mode to another. (Experimental details of the measurements v ill be 
discussed later.) 

If instantaneous currents and voltages for each mode are observed 
when a tube is changing from one mode to another, then for each setting 
of the pulser-supply voltage one 
obtains a pair of voltage and cur¬ 
rent values, which, when plotted, 
are found to lie as shown in Fig. 

8-4a. The solid lines represent 
the (F,7)-characteristics of the 
respective modes. The dotted 
lines which may be interpreted 
a.s (F, 7)-characteristics of the 
pulser arc drawn through pairs of 



N ^ \ 

\ \ \ 

V \ \ 




points (one point for each mode) 
that are observed with the same 
value of input voltage to the 
modulator. This interpretation 
is confirmed by repeating the 
experiment Avith a resistor con¬ 
nected in series with the cathode 


(tx) (&) 

Fiu. 8-4.— (V,7)-relations for a mag¬ 
netron that is changing moiles. In {b) the 
internal resistance of the pulser has been 
inereased over that of (a). 


lead of the magnetron to increase the internal resistance of the pulser. 
The (F,7)-points are then found to lie as illustrated in Fig. 8-4b, and the 
change in the slope of the dotted lines is equal to the negative of the value 
of the added resistance. 


The (F,7)-characteristic of a hard-tube pulser may be related directly 
to the {Tp,Ej,)-c\UYe^ of the tubes in the final stage. If the characteristic 
of the tube (or parallel arrangement of tubes) is such as that shown in 
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Fig. 8-5a when the control-grid voltage is equal to that delivered by the 
driver, then the (y,7)-characteristic of the pulser is like that shown in 

Fig. 8-5b, where the supply volt¬ 
age is represented by V. 

In spark-gap, thyratron, and 
other line-type pulsers, the pulse¬ 
forming network bf^haves approxi¬ 
mately as a constant-vo 11age 
generator of emf equal to the 
potential to which the line is ini¬ 
tially charged, in series with an 
ohmic resistance equal to the 
characteristic impedance of the 
network. During steady-state 
operation the associated pulse 
transformer functions essentially 
as an ideal transformer. Thus the characteristic of such a pulser is a 
straight line, as shown in Fig. 8-6. Usually the pulse-forming network is 
matched to the magnetron at the operating current and voltage, as at P 




of 


Fig. 8-5.— (a) (7,,, Vp)-characteristic 

iubos in output stage of hard-tube pulser; (b) 
(F,7)-characteristic of the pulser of (a). 




I'lG. S B.— (y,/)-cliarar'teiiHtic of a line-type Fig. 8-7.—Compiirison of (F,7)-character- 
pulser. isticB for different pulsers. 

in Fig. 8-6, so the open-cheuit voltage is just twice the normal operating 
voltage of the magnetron. 

Although the (F,7)-relationships of the pulser and magnetron 
together result only in necessary conditions which must be satisfied by 
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the steady-state currents and voltages of whatever inodes are excited 
(the actual self3ction of modes being influenced by still other factors), 
they provide an explanation of many of the variations that are observ'ed 
when tubes are tested on different pulsers. As an illustration, consider 
the ideal case represented by Fig. 8-7. A magnetron having the charac¬ 
teristics shown is to be operated in the (4/4/8)-mode at the point P. 
Only selection among the (4/4/8)- and (3/3/8)-modes and the non¬ 
oscillating states is discussed; it is assumed, as is commonly the case, 
that there is no interference from the (5/3/8)-mode. Curve A represents 
a line-type pulser, which obviously mil permit operation in either the 
(4/4/8)- or the (3/3/8)-mode. Curve B represents a hard-tube pulser 
with a large reserve of current-carrying capacity which permits operation 
only in the desired mode. Curve C is typical of a hard-tube pulser 
operated near the upper limit of its capacity; it offers the choice between 
the (4/4/8)-mode and the nonoscillating state. Curve D illustrates a 
hard-tube pulser at plate-current saturation, which will permit operation 
in the (4/4/8)- and (3/3/8)-modes, just as does the line-type pulser. 

B-3. Types of Mode Changes.—As has been mentioned in Sec. 8-1, 
changes of mode may take either of two forms. One form consists of a 




rio. S-S.^Symptom.'s of a mode skip. (a) The vuliage pulses, {h) the current pulses, and 

(c) the spectrum. 

random alternation between tAvo modes at successive turn-ons or pulses; 
this type will be referred to as a “mode skip." The other form is a 
transition from one mode to another during the continuous application 
of voltage; this type will be designated as a “mode shift.” Sometimes 
the two forms appear in combination. 

The mode skip is the more common form in pulsed magnetrons. Its 
symptoms are double voltage and current pulses such as are shown in 
Fig. 8-8a and h and a spectrum that, with the conventional analyzer, 
appears to have lines missing as in Fig. 8-8c. The proportion of the 
numbers of pulses in the respectwe modes changes with power-supply 
voltage, usually continuously as indicated in Fig. 8’9; but because of a 
sort of instability connected with the regulation of the power supply, a 
sudden transition from all pulses in one mode to all pulses in the other 
may take place when the power-supply control is changed gradually. 
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(This instability is discussed at greater length in Sec. 8-7.) Mode skips 
are generally attributable to failures to start, or "misfiring,” in the lower- 
voltage mode and in many cases can be eliminated by sufficiently reducing 
the rate at which voltage is applied to the magnetron. 

A mode shift in a pulsed magnetron results in current and voltage 
pulses such as those illustrated in Fig. 8-10. (This figure represents a 


100 





0 



Power-supply voltage 


Fuj. 8.9..EiTent f)f iiowRr-supply volt- 

aKB on the distribulien of pulses in a 
mode skip. 



Fig. 8.10.—The pulses of (ti) voltaKeand (fj) 
furrent that are assoeiated with a mode shift. 


shift from a lower- to a higher-voltage mode, but shifts in the opposite 
direction also occur.) The vSpectra of the revSpective modes have no 
"missing lines” but are somewhat broadened because of the shortened 
effective pulse in each mode. Mode shifts may be considered to result 
from the loss of stability in the initial mode of oscillation. The condi¬ 
tion of instability may lie reached as the result of a change (however 
gradual) in the operating conditions or, conceivably, as the riisult of 
changes within the magnetron. Tn many cases it is quite sensitive to 
the load on the r-f circuit. Mode shifts can be especially troublesome 
in c-w magnetrons that are amplitude-modulated. 

Mvthods of ObHcrvation .— Information about the dynamics of the 
tyi)es of phenomenon just mentioned has been derived principally from 

observations on pulsed magne- 

Pulser _ trons. Measurements with a 

peak voltmeter and average-cur¬ 
rent meter are entirely inadequate 
for such studies. It is possible to 
construct diagrams such as Fig. 
8-3 point by point from moasurp- 
ments of instantaneous current 
and voltage made with a synchro¬ 
scope, but a more convenient and 
satisfactory method is to connect 
the cathode-ray tube as shown in Fig. 8T1 so that the tube itself plots volt¬ 
age against current automatically. As a first approximation, for each 
setting of pow er-supply voltage this arrangement yields one point in a 
(F,/)-plot corresponding to the fiat portions of the pulses or two points in 


Voltage 

divider 




J Magnetron 




CRT 


J 


Current¬ 
viewing 
resistor 

(V,7)-oscilloscope 

Fio. 8-11.—SBhcmiitic diaKvam of an 
oarillDSBopp iisBrl fnr automatic plottinK of 
voltage against current. 
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case the tube changes modes. This limitation can be overcome, hoAvever, 
by modulating the power supply at a low frequency—say 60 cps—so that 
the successive pulses, during one complete sweep of the power supply, 
trace out a complete diagram. To make the arrangement practical, the 
cathode-ray tube must be intensity modulated, somcAvhat as in the syn¬ 
chroscope, so that the beam is on only during pulses. 

Actually, since both current and voltage vary continuously throughout 
a pulse, the beam of the (F,/)-scopc traces out a closed curve for each 
pulse, and the form of the curve is related to the transients. Figure 
8T2 represents schematically a typical (F,7)-trace, correlated with 
the corresponding parts of the voltage and current pulses. The current 
maximum at arises from charging the capacitance associated with the 




Fio. 812.- —A (V,i)-trai!e with rmTe.spoiidiiig current mirt voltage puIhbh. 

magnetron input circuit. The buildup of oscillation occurs between 
t'l and From tz to ^4 the magnetron oscillates steadily. As the voltage 
starts to fall at the end of the pulse, the oscillations die out between 
<4 and tzj but the rate of fall of voltage is usually slow enough that the 
current-voltage relation is the same as for steady-state conditions. The 
discharging current /a to is much smaller than the charging current ty 
because of the smaller magnitude of dV/dt at the trailing end as compared 
with the leading edge of the pulse. 

There are thus two Avays in which the (F,/)-scope may be used. 
To view the steady-state characteristic, the intensity modulation is set 
to bring out the flat part of the pulse to in Fig. 8T2) and the power 
supply is modulated. To view the transients, the intensity modulation 
is set to bring out the appropriate portion of the pulse—the leading edge, 
for instance—and the power-supply voltage is held fixed. When the 
apparatus is arranged ^so that the change from one type of observation 
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to another can be made quickly and so that the various controls can be 
manipulated without interrupting the observations, it is possible to survey 
the behavior of a magnetron very quickly. 

B'4. Survey of the Process of Mode Selection.—As a preface to the 
detailed discussion of the observations on mode selection, the pattern 
into which they fall is summarized here, and it is shown how the (F,/)- 
traces provide a convenient basis for discriminating between the various 
types of mode-selection processes. 

The characteristic feature of the (F,/)-trace in a mode skip is the 
branching illustrated in Fig. 813, where the heavy arrowed curves 
represent the two alternative paths of the (F,/)-point, one to Mode A 




riii. 8. MijiIb .skip detBrininod by Fiu. 8.14.— MdlIr skip RDvernnd iw 
.spcM‘(l (if .stiirtinia; in the lower mode. petition between two modes. 

and one to Mode B, As will be shown later, modes widely separateil 
in voltage have associated AAith them distinct regions of the (F,/)-plani' 
within which oscillations in one, and only one, of the modes can build 
up and sustain themselves; these regions are indicated by shading in 
Fig. 8-13. When voltage is applied, as at the beginning of the pulse, 
the (F,/)-point rises to within the starting region of the lower mode 
Avhere oscillation and consequently d-c current build uj). If the buildup 
is sufficiently rapid, the (F,/)-point may be held Avithin this region 
because of internal drop in the pulser, even though the open-circuit 
voltage of the pulser lies above this region. HoAvever, if the buildup 
is less rapid (relatiA^e to the rise of open-circuit voltage of the pulser), 
the current and voltage point may pass outside the region of the lower 
mode—whereupon oscillations in Mode A quickly die out—and thence 
into the oscillation region of Mode B. Depending upon circumstances, 
the (F,/)-point might eA^entually come to rest on the steady-state charac¬ 
teristic of B or on the cutoff curve someAvhere above B] it might also fall 
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short of entering the region of the higher-voltage mode and come to rest 
at a non oscillating state—say at C —between the two regions, as shown 
in Fig. 8-13. All the above possibilities are, of course, subject to the 
relations discussed in Secs. 8-1 and 8-2. It is clear that in this type of 
mode selection the controlling factors are the speed with which oscillations 
start in the loAver mode and the characteristics of the pulser, particularly 
the rate of rise of voltage; there enters no element of competition between 
the two modes directly concerned. 

A variation of the mode skip is illustrated by Fig. 8 14 in which two 
modes are so close together in voltage that their oscillation regions 
overlap extensively. Here it may be supposed 
that oscillations start in both modes simul¬ 
taneously but that during the later stages of 
buildup the nonlinearities in the space charge 
enter in such a way that one of the modes gains 
predominance and eventually suppresses the 
other. If the competition were very evenly 
balanced, the outcome might be determined 
by random fluctuations; hence a mode skip 
Avould result that, contrasted with the type 
described earlier, would be very little influ¬ 
enced by the rate of rise of the applied volt¬ 
age. Direct interaction between modes might 
l)e suspected of being an important factor 
whenever two modes have components with 
nearly equal values of tX. However, as will be discussed in more detail 
later, the above condition alone does not appear to be a very good index 
of the importance of interactions. 

The mode shift is an entirely different sort of selection process and is 
characterized by a (F,/)-trace such as is illustrated in Fig. 8-15. This 
drawing corresjjonds to a case in which the rise of voltage is relatively 
slow, so that after the initial stages of buildup, the (F,/)-point proceeds 
toward higher currents along the steady-state characteristic of Mode A. 
Eventually a point of instability is reached; the oscillations in A cease 
to be self-sustaining; and as they die out, the (F,/)-point moves upward 
quickly, more or less along the pulser characteristic. Figure 8T5 repre¬ 
sents a case in w^hich the (F,/)-point then enters the oscillating region 
of Mode B and eventually comes to rest on the steady-state characteristic 
of that mode. In case the modes are widely separated and the pulser 
has a low impedance, the (F,/)-point may arrive at a nonoscillating 
state between Modes A and B. If the magnetic field is toO low to permit 
oscillation in Mode B, the (F,7)-point will end on the cutoff curve. 

In addition to the sort of shift that has a (F,/)-trace of the type 



Fiq. 8'15.—Mode shift 
caused by instability of the 
Irmcr mode at high current. 
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illustrated in Fig. 8-15, there are sometimes observed shifts with (F,/)- 
traces like those illustrated in Fig. 8-16. These transitions can arise 
only from an interaction between modes; for if the primary event Avere 
simply the cessation of oscillations in the initial Mode the current 
(which can flow only because of the oscillations, since the voltage remains 
well below cutoff throughout) should tend to decrease and the voltage 
to rise during the transition —which is opposite to what is observed. 
Evidently, while the tube is in Mode A, a condition is reached that 
permits B to build up, and eventually the oscillations in B reach a great 
enough amplitude to suppress A. 

The mode instabilities that have been investigated most thoroughly 
are the mode skip of Fig. 8-13 and the mode shift of Fig. 8-15. These 




ia) (&) 

I'lu. 8-10.—Mode shifts naused by iTmiiJoLitinn between modes. 

are discussed separately in detail in Secs. 8-5 and 8T). The more com¬ 
plicated phenomena, in which interactions betAveen modes play an 
important part, have so far been studied only more or less incidentally 
and are considered in Sec. 8*12. 

B-B. The Mode Skip.—As a rule, mode skips are encountered AAhen 
attempts are made to operate pvdsed magnetrons at high currents, and 
in many such cases the mode skip can be attributed to misfiring in the 
desired mode of oscillation; that is, the mode-selection process is of the 
type illustrated by Fig. 8*13. 

The manner in Avhich a mode skip caused by misfiring usually develops 
Avhen increasing voltages are applied to a magnetron (at constant mag¬ 
netic field) is illustrated by the series of (F,/)-traces reproduced in 
Fig. 817a to /. 

A complete steady-state characteristic taken at the same magnetic 
field is shoAvm in Fig. 8*18. In Fig. 8*17a, the voltage is just beloAv that 
at which oscillations start; in Fig. 8-17b and c, oscillations start at every 
pulse, and the steady-state current increases as the voltage is raised. 
At higher voltages, oscillations start in the loAAer mode only during some 
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of the pulses, but in such pulses the steady-state current continues to 
increase with applied voltage. In Fig. 817d and e, failure to start in 
the lower mode results in a transition into a non oscillating state, but 



Fiti. 817.— (y,/)-traces of a mode skip arranRcd in ordpr of inriRaaiiip voltage. 
Only the trane norresponding to the rising edge of the pulse is shown. (a) Below oseil- 
lations; beginning of D.scillations; (n) middle of oseillation region; (r/) Vieginniiig of mis¬ 
firing; {(i) misfiring into the nonoscillating state; (/) misfiring into a higher-voltage mode. 


with a still greater applied voltage (Fig. 8-17/) the (F,7)-point eontinues 
upward through the non oscillating state and into the higher-Aa)ltage 
mode. 

Additional evidence that misfiring in the lower- 
voltage mode is the primary cause of the mode 
skip when the modes are widely separated in volt¬ 
age is provided by the fact that the proportion of 
])ulscs in the higher-voltage mode (or alternatively, 
tVie nonoscillating state) can be decreased by re¬ 
ducing the rate at which the voltage rises at the 
leading edge of the pulse. With a sufficiently slow 
rise of voltage, the upper mode is suppressed 
completely. This behavior is readily understood 818.—Stcady- 

j r 1 /rrti state [diarac ten .stir; of 

on the basis of the discussion of rig. 8T3. (The the motle .skip illu.struted 
possibility that a mode shift may occur when the 

rise of voltage is made very slow docs not affect the validity of the 
argument.) The effect is further discussed in Sec. 8-9. 

B-G. The Mode Shift.—The type of mode shift that seems to occur 
most commonly and about which most is known is that illustrated in 
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Fig. B-15, in which the transition is caused by simple instability in the 
initial mode of oscillation. In many cases the instability at high currents 
appears to result from an inherent property of the space charge in the 
oscillating magnetron, although in others it is definitely attributable to a 
deficiency in the electron emission from the cathode. 

The inherent instability shows up most prominently in magnetrons 
scaled to operate at low voltages, particularly in tubes designed for c-w 
operation. Its outstanding characteristic is a strong dependence of the 
limiting current upon the r-f load; lighter loads (large loaded Q^s) permit 
oscillation to continue to higher currents. The effect was recognized 
first by R. N. Hall and L. Tonks of the General Electric Company, 
Schenectady, N.Y., who encountered it in the course of developing c-\v 
magnetrons for radar countermeasures. 

The conclusion that this limitation on current is an inherent property 
of the magnetron such as can occur even Avhen the emission from the 
cathode is limited by space charge is based on the facts that the observed 
limitation does depend strongly on the load and that the effects t)bsei ved 
in a wide variety of magnetrons show a qualitative consistency. How¬ 
ever, the impossibility of ascertain¬ 
ing to what degree the emission is 
actually limited by space charge in 
an oscillating magnetron precludes 
any precise analysis of the data 
available. 

Figure 8-19 shoAVS the limiting 
current that may be expected for 
various values of load. The plot is 
presented in the form of reduced 
variables (see Chap. 10). Opera¬ 
tion at a given load is possible only 
to the left of the load line. In 
addition to the uncertainties men¬ 
tioned, there is some question as to 
how exactly effects in dissimilar 
magnetrons can be correlated by 
means of reduced variables, so that predictions based on Fig. 8T9 may 
well prove to be in error by a factor of 2 in special cases. 

In most of the magnetrons designed for pulsed operation the inh{^rent 
limit on current cannot be demonstrated, because these tubes run at 
high current densities, so that other limitations, such as low emission 
or sparking from the cathode, appear first. It has been observed, hoAv- 
ever, in low-voltage pulsed tubes (for example, the experimental LL3 
magnetron described in Sec. 8-9) by the application of a heavy load and 
a slowly rising pulse. 



I’lti. 8-1 fi. Limiting cuirBnt as a func¬ 
tion of load conductancp. The parameters 
are expressed in reduced variables. 



Seu. 9-6] 


THE MODE SHIFT 


353 


Another type of limitation on current shows up in some tubes when 
the cathode is abnormally poor or when it is run at a subnormal tempera¬ 
ture, and this limitation is thus attributable to inadeciuate emission. 
Usually Avhen the current is limited by cathode emission (including 


' (a) I (6) I (c) I id) 


Fig. 8-20.—Stearly-atate charaoteriatics showing from (a) to (c/) the offect of tlt;i i easinii 
heater fjower. A 500-/i/xf condenser was* connected in parallel to eliiiiiiiatn iiiisfiriisfr. 


secondary electrons, of course), the (V^,/)-characteristic bends upward 
at high currents—sometimes a kilovolt or so above the extrapolated 
straight part of the characteristic—before instability sets in. The loca¬ 
tion of the bend usually can be altered by varying the temperature of 



Fig. 8-2 la. —Steady-state characteristic showing misfiring into the entoff curve. 

Fid. 8-21^.—Steadi -state characteristic for the same ronditions a.s 8-21 a, hut with 
a 5U0->i/if condenser in parallel T^nth the magnetron. There appears Mii iij)per limit trj tin* 
ainouiit of current that can be drawn in the main mode. 

Flu. 8-2lc.—A (F,/)-trace for a voltage setting on the nutoIT curve of Fig. H-21f>. (Note 
that Dscillations which build up in the main mode become unstable at high current.) 



Fig. 8-21 rf.—The current pulse of Fig. 8-21c indicating the relative lengths of time 
involved in this transition. (Note also that SDmBtiine.s the tube misfire.s directly into the 
cutoff curve.) 


the cathode. The four parts of Fig. 8-20 demonstrate this behavior 
in the LL3. 

A good example of how a poor cathode can cause a tube to behave 
abnormally because of a mode shift is provided by some 725 magnetrons 
that had received very severe treatment. Normal 725 tubes operate 
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with no evidence of mode instabilities; but in testing these tubes on a 
hard-tube pulser which had a very slowly rising pulse^ it was observed 
that oscillations started with each pulse but ceased as soon as the current 
rose to about 30 amp. Examination then showed that the pulsed primary 
emission was hardly detectable. 

Pulsed tubes normally do not exhibit a mode shift unless they do have 
very poor cathodes and the rate of rise of the voltage pulse is sufficiently 
slow, because misfiring takes place instead, when the voltage is raised 
in the attempt to increase the current. As an example, Fig. 8-21a shows 
a steady-state (P,/)-diagram of the LL3 taken at a low magnetic field. 
(The upper “mode” in this case is the cutoff curve.) When a 500-/xMf 
condenser is shunted across the modulator, the misfiring is eliminated, 


t 

/ 


I t -^ 

Fm. 8-22.—Sclieinatic: dlaKiaiii of the Fit;. 8-2;F — A c.unnnt pulse slmwing 

trai'-e shown in Fig. 8-21 c of a mode insta- exeilation of a low-voltago mode at the 
hility. beginning and end of the pul.se. 

and a mode shift occurs. The steady-state characteristic for this case 
is shown in Fig. 8-21b, and the corresponding (F,/)-trace and current 
pulse for a high-voltage pulse are shoAvn in Fig. 8-21c and d. These 
figures show that the misfiring has not been completely eliminated. The 
(F,/)-trace of Fig. 8-21 c is copied schematically in Fig. 8-22; the arrows 
show the direction of motion of the (F,Z)-point. 

Sometimes a mode shift occurs very early in the pulse, so that the 
lower mode is excited for only a brief interval at the beginning of 
the pulse and for another brief interval at the end of the pulse when the 
voltage falls again within the starting range. The current pulse then 
has the shape indicated in Fig. 8 23. The suddenness of the transition 
from a normal current pulse to one of this type may be accentuated by an 
instability of the combination of magnetron, pulser, and power supply, 
Avhich will be discussed in Sec. 8-7. If, as is usual in such cases, the 
limiting current is a function of cathode temperature, peculiar time 
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lags may be observed, since the heating by back bombardment may be 
very different in the two conditions of operation. 

Shifts in which the second mode has a lower voltage than the initial 
mode have been observed to occur in t\\"o ways, corresponding to Fig. 
8-16a and h. Type a, in which the instability sets a lower limit to the 
current in a higher-voltage mode, requires special conditions for its 
observation—namely, that a higher-voltage mode be reached initially 
(as a result of misfiring or high-current instability in the lower mode) 
and that the voltage then fail so that the lower current limit of the higher- 
voltage mode is approached from the high-current side. This sort of 
transition has been observed only between closely spaced modes; it is 
exhibited well in some unstrapped X-band tubes (specifically, the 2J21). 
Practically, it does not seem to be of much 
importance. 

Type hj as shown in Fig. 8-166, was 
observed in an experimental tube (the 
LM2 produced by the Raytheon Manu¬ 
facturing (Company) in which the 2J39 
anode block is strapped to a wavelength 
of 12.3 cm. When run on a hard-tube 
pulser, this tube has a steady-state charac¬ 
teristic for certain loads such as is indi¬ 
cated by the heavy curve in Fig. 8-24. 

Here, misfiring in the (4/4/8)-mode on a 
medium-voltage pulse leads to the non¬ 
oscillating state N.O.; but a higher-volt- 
age pulse, which rises to where the 
(5/3/8)-mode should start, results instead 
in the excitation of the (4/4/8)-mode. Close observation of the current 
pulse shows, however, that the (5/3/8)-mode is actually excited for a 
brief interval at the beginning of the pulse. 

B-7. Instability of the Power Supply: ‘*Mode Jumps.” —When a mode 
change takes place in such a way that an increase in applied voltage 
results in a decrease in magnetron current, complicating phenomena 
may occur. For instance, pulsed magnetrons sometimes exhibit a very 
sudden change from one mode to another, apparently with no perceptible 
transition range. This phenomenon—occasionally referred to as a 
"mode jump"—has sometimes been interpreted as a distinct type of 
change different from those which have been described in preceding 
sections. Actually, such behavior is a result of instability of the combina¬ 
tion of power supply, pulser, and magnetron rather than a special charac¬ 
teristic of the magnetron. 

A power supply that consists of a rectifier and fdter will, in general, 



I' TtJ. 8-24.- A .st iuidy-Htiitc* rliar- 
iiftPiiisUc of thij IjM 2. At IiIkIi 
voltaKBs tho jj-roinpniinrit is exfitprl 
at the start of nanh pulse. 



356 


TRANSIENT BEHAVIOR 


[Sec. 8-7 


have a time constant that is large compared with the repetition period 
of the pulser, and its output voltage (as affected by internal regulation) 
will be dependent upon the average current drawn by the magnetron 
rather than the pulse current. If the power supply has a condenser 
outi)ut, the condition for stability is that 



dl 

dV 


> 0 , 


where R is the internal resistance of the power supply, / is the average 
current, and V is the input voltage to the pulser (considered to be equal 
to the open-circuit output voltage of the pulser). 

In the case of a mode skip, the average current as a function of power- 

supply voltage can be computed on the 
basis of curves such as are illustrated in 
Figs. 8-4 and 8-9. In general, an *S"- 
shaped curve such as is shown in Fig. 
8-25 will result. With a power supply 
that has a characteristic like that shown 
by the broken lines, there will be a region 
of instability. As the supply voltage is 
increased, there will be a jump from A to 
B —the mode skip is ol:)served as a 
jump.” On the other hand, if the volt¬ 
age is decreased, the jump will be from C 
to D] thus hysteresis occurs. This hys¬ 
teresis effect seems to be present in all 
“mode jumps,” and a close examination 
of the current pulse just prior to the jump usually indicates the beginning 
of either a mode skip or a mode shift. 

Conditions that tend to make dl/dV have a large negative value are 
that the transition (Fig. 8 9) occurs in a narrow range of voltage and 
that the currents in the two modes be widely different for a fixed supply 
voltage. Both conditions are most likely to be fulfilled with a hard- 
tube pulser inasmuch as a rapid rise of voltage at the beginning of the 
pulse will tend to make the transition region narrow and a low pulser 
impedance will tend to make the difference in currents large. 

Under special conditions a mode shift in a pulsed magnetron can also 
be influenced by instability of the power supply. For instance, if the 
shift is like that illustrated.in Fig. 8T5 and the voltage rises throughout 
the pulse, a small increase in supply voltage can cause the shift to a 
lower current to take place earlier in the pulse and thus result in decreased 
average current. 



I'lu. 8-25.-—A iiL'KJiiivt? rp.-Msistunr-c* 
region offered to the power wuppl.v of 
the piiLser bceaiiHe of a mode rhaiige 
in the inaKnctroii. 
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It is obvious that conditions of instability can also arise with c-w 
magnetrons and may lead to oscillations in the input circuit. 

B*B. Outline of a Theory of Starting. —It has been indicated in ('hap. 7 
that the type of analysis there applied to steady-state operation can be 
extended to apply to transients, and this section is essentially an elabora¬ 
tion ol that idea. Many of the general principles involved are derived 
from a report by ,1. R. Pierce.^ This treatment may be termed an 
‘‘adiabatic theory’^ of starting, because it is based on the assumption 
that the transient takes place so slowly that it may be approximated as 
a continuous succession of steady states. Even under conditions when* 
the approximation is rather poor, the theory should give some insight 
into the nature of the phenomena that take place. Of course, it is 
possible to conceive of conditions in Avhich an adiabatic approach is 
entirely inadequate, but it is not evident that such conditions are com¬ 
monly realized in current practice. 

The analysis of the steady-state oi^eration has been based on the 
fundamental relation 

y. = 0, (1) 



Load 


where Kc is the admittance of the space charge and F, is the atlmittance 
of the circuit. In so far as admittances can be defined for transiiuits, 
the same relation must apply because it is simply an expression of the con¬ 
tinuity of current. The discussion of ('hap. 7 has indicated that the 
admittance of a circuit has a defi¬ 
nite meaning, and that it can be 
computed from the usual formulas 
by substituting the ‘bajmplex fre¬ 
quency’^ instead of the purely real 
frequencies, for oscillations that 
increase or decrease exponentially 
with time. The admittance Y, of 
the electrons is assumed to depend 
only on the instantaneous values 
of the applied voltage V and the r-f voltage F, not on their time dei iva- 
tives—this assumption constitutes the hypothesis that the buildup is 
adiabatic. 

A detailed discussion will be given only for the case in which the 
resonant system may be represented as a simple parallel-resonant circuit 
(Fig. 8-26) with admittance given by 

Y, = 2C(p - Pl) 




rnj. 8-20. 


[■iri'iiit rjf i 

troll. 


= Gj 


.f W - =^0 - 


( 2 ) 


^ J. R. Pierce, “Oscillator Behavior,” BTL Memorandum MM-42-140-60, Sept. 8, 
1942. 
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where —jpL is the loaded, complex, resonant frequency equal to ljl — j^L 
(see Chap. 7). In so far as one is interested in the amplitude of the r-f 
voltage, but not the frequency, as a function of time, only the real part 
of Eq. (2) need be considered; with the value of Yc substituted from 
Eq. (1), it is 


V (It dt “ 2C ' 


( 3 ) 


where is the electronic conductance and Gl is the steady-state con¬ 
ductance of the loaded circuit. Equation (3) has to be solved in con¬ 
junction with relations that describe the dependence of upon V and 
the input conditions. The solution will contain a constant of integration 
that is related to the noise level from Avhich oscillations begin. 

Equation (3) is now to be developed in such a way as to make direct 
connection with the (T,/)-traces which constitute the greater part of 
the observational material on the starting of oscillations. That is to 
say, the behavior of the system will be followed by tracing its course in 
the (T,/)-plane. 

As shown in Chap. 7, the properties of the space charge, at some fixed 
value of magnetic field, may be expressed in the form 

y = nvj) ( 4 .) 

and 

0. = G.{VJ). (5) 

(Because the magnetic field is ordinarily constant during any transient, 
it enters only as a parameter and will not be included explicitly.) It is 
convenient to represent the functions V and Ge by means of a conduct¬ 
ance map,’' which is constructed by drawing contours of constant V and 
constant G, in the (7,/)-plane, as illustrated in Fig. 8-29. For the present, 
it is assumed that the functiims arc known. 

In the interest of simplicity, the reactances in the pulser and in the 
input circuit of the pulser Avill be ignored, so that the pulser can be 
described V)y a relation of the form^ 


V = V{Id)- ((i) 

At every instant Eq. (6) defines a curve—the instantaneous pulser 
characteristic—on Avhich must lie the point (F,/) which describes the 
state of the system. It is convenient to make the following substitutions: 

^ With reactances, Eq. (6) must be replaced by relations that contain derivatives 
and integrals. An attempt to take reactances into account in a general way would 
involve one in the theory of the tran.sient response of networks, with the added 
complication of the magnetron as a peculiar circuit element. 



Seu. 8-8] 


OUTLINE OF A THEORY OF STARTING 


359 


and 


f(TV) = - 


4/(yj) = In — ■ (Fn = rrlRi-pncn IrvrI.) 

W 


(7) 


(In the conductance map, contours of constant yp are identical, except for 
labeling, with those of constant F and the gradients of \p and F are in the 
same direction; similarly for f and —G,-) Tn terms of f and yp, Eq. (3) 
takes the form 

= i(V,l). '8) 


From Eqs. ^i) to (8) the following relations may be derived by dii'fereiitia- 
tion: 


and 





( 10 ) 


These two equations give the velocity in the (/,F)-plane of the point 
P which describes the system, in terms of knoAvn functions of the coordi¬ 
nates of P and of the time t. The result can be put into a foim that can 
be interpreted more directly, for inspection of the etpiations shows that 
the velocity of P is the sum of two vectors, one tangent to the instan¬ 
taneous pulser characteristic at P and of magnitude proportional to 
the other tangent to the constant-^ contour through F and of magnitude 
liroportional to {dV/dt)j. If two unit vectors Wi and Wa are chosen as 
shown in Fig. 8-27, the velocity of P may be expressed as a vector W 
where 


W = Wi 


cos 


sin (0 


e fdV\ L 
^ \ir), + [si 


1 




sin (0 — 6) grad \p 


( 11 ) 


The direction of W for various combinations of the signs of (f)V/dt)t 
and J is indicated by sectors in Fig. 8-27. 

The quantitative calculation of a transient would presumably have 
to be carried out by numerical integration of some sort. The way in 
which the process might be performed graphically is illustrated in Fig. 
8-28, which is based on a simplified conductance map. The instantaneous 
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pulser characteristic, is drawn in for successive times separated hy some 
constant interval At (equal to unity in the drawing). The point F 



Fill. 8-28.—Graphical nalculation of a 
transient. 


approaches the (^ = 0)-contour 
along the c o n s t a n i-\l/ c ontour 
which represents the noise level in 
the resonant circuit indicated by 
^ = 0 in Fig. 8*28. The vector 
that represents the displacement 
of P in each of the time intervals 
is so drawn that the increment 
in i/' is equal to times the value 
of J averaged over the length of 
the vector. 

In order to trace out the com¬ 
plete transient, the functions 
and f(F,/) have to be 
known along the entire path. In 
Chap. 7 it is shown how these 
functions can be derived from 
steady-state measurements, but 


such measurements are confined to regions of stable operation, whereas 


during a transient, region are accessible in which the system is 
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inherently unstable. Consequently the functions must in part be 
deduced from observations of transients. Inasmuch as existing measure¬ 
ments of transients are very crude, as judged by the present require¬ 
ments, it is possible to make only qualitative deductions about the 
behavior of and V in the regions not covered by steady-state 
measurements. 

From consideration of all the information available, it seems that the 
conductance map derived from steady-state measurements (see Fig. 



7-29tt) should be extended in the general fashion indicated in Fig. 8-29 
in order to explain the transient phenomena observed. In Fig. 8-29 
the constant-F contours are simply extrapolated from Fig. 7-29rz and are 
consistent Avith the premise that 1 should increase monotonically with 
both V and V. The (V = 0)-contour resembles the current-voltage 
characteristic of a magnetron Avithout oscillators, as it is actually 
observed. The curving of the Gc contours in the lower left part of the 
diagram is introduced to explain the starting voltage and related phe¬ 
nomena, Avhich are described in Sec. 8-9. (With regard to this feature 
there is some uncertainty. As draAAm, the contours are entirely con¬ 
sistent Avith the observed behavior of pulsed magnetrons, but they are 
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not precisely consistent with the characteristics of V!-^y magnetrons at 
low currents, which are discussed in Sec. 9-2.) 

The doubling back of the Ge contours at high currents is designed to 
account for the observed instability at high currents and for the fact 
that the limiting current decreases as Gl is made larger. This phe¬ 
nomenon is described in Sec. 8 0. The Ge contours are made to return 
to the {V = 0)-curve at higher values of V (upper left part of the diagram) 
in order to restrict the range of V in which oscillations can start and thus 
to explain the nonoscillafing states indicated in Fig. 8*3 and further 
described in Sec. 8 9. 

The question of stability will be taken up first, and the types of 
transient behavior that are connected with Fig. 8-29 will be considered 
later. When the modulator characteristic is stationary, (dV/dt)i = 0, 
and, according to Eq. (11), the intersections of the (f = 0)- or 
( —Ge = GL)-contour with the pulser characteristic should represent 
stationary states. Such an intersection will constitute a state of stable 
operation, however, only in case small displacements from it tend to 
diminish rather than increase with time. Since the input circuit is con¬ 
sidered to be free of reactances, any displacement from an intersection 
P' must occur along the pulser characteristic and can be represented by a 
distance s. Tn the neighborhood of P', the change in f can be approxi¬ 
mated by (d^/ds)s and Eq. (11) can be written as 


1 ds _ 3s 
s di 


( 12 ) 


Thus, the condition for stability is that the right-hand side of Eq. (12) 
be negative; that is, f (or ^G^) and ^ must increase in opposite directions 
along the pulser characteristic. 

However, it is doubtful if the condition just mentioned is stringent 
enough to ensure stability in an actual case, for this condition is based 
on the assumption that reactances are entirely absent from the input 
circuit, although they can never be eliminated completely in practice. 
If reactances are included, P is not constrained to move along the steady- 
state pulser characteristic, and additional possibilities arise. According 
to the condition that has been derived, stable operation could be achicA^ed 
in the upper portion of Fig. 8-29 by the somewhat artificial but not 
altogether impossible expedient of using a pulser with the proper nega¬ 
tive internal resistance, but it seems implausible that this would actually 
Avork. Very probably oscillations of one sort or another would take 
place in the input circuit. If reactances are taken into account, the input 
circuit will, in general, have a multiplicity of normal modes (in the 
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conventional network-theory sense), and for stability i^ is required 
that all of these modes shall be positively damped. 

It seems reasonable to conclude that with a normal pulser (with 
j}ositive internal resistance) stable operation is limited to the lower 
part of Fig. 8-29, where —Gr increases with V. At low currents, opera¬ 
tion can be stable only if the internal resistance of the pulser is large, 


o 





Fig. 8-30.—Examplea of traiisiBiit behavior. It is to be noted that the coordinates are 
input current and voltage; the time enters only as a parameter, which increases along each 
of the paths in the direction indicated by the arrows, but the exact time dependence of V 
and I is not shown. 


and even then there is some possibility that oscillations will occur in the 
input circuit. 

As has been stated, some of the features of the conductance map as 
drawn in Fig. 8-29 are justified principally by the observations to be 
described in Sec. 8-9. However, the relation between the map and 
observation may best be illustrated by proceeding as though the former 
were known independently and showing the types of transient behavior 
that can be predicted on the basis of it. The results, which are illus- 
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trated in Fig. 8-30, have been arrived at by qualitative considerations 
based on Eq. (11) and Fig. 8-27, but there can be little doubt that the 
procedure illustrated by Fig. 8-28 would lead to substantially the same 
curves. 

The shaded area of Fig. 8-30 (where £ is positive) is the region in which 
oscillations always increase with time; outside the shaded area, oscilla¬ 
tions always decrease with time. It is assumed that the pulser is simply 

a voltage source with internal resistance r, 
and the applied open-circuit voltage is in the 
form of the pulse illustrated^ in Fig. 8-31. 

In Fig. 8-30a and b, which applies to the 
first half of the pulse shoA\ n in Fig. 8-31, the 
open-circuit voltage rises at a uniform rate to 
a final value V' as indicated and then remains 
fixed. In Fig. 8-30c, which applies to the 
second half of the pulse, the open-circuit volt¬ 
age, having remained at the value V' through¬ 
out the period of steady-state operation, falls 
to zero at a uniform rate. In Fig. 8-30a, V' 
lies within the starting range; that is, the line V = V' — rl (the steady- 
state pulser characteristic) cuts the {V = 0)-curve in the region in which 
f is positive. 

One steady-state condition, represented by the point 0, is reached 
invariably, regardless of how rapidly or slowly the voltage is applied 
at the beginning of the pulse. The series A to D illustrates the variation 
in path as the rate of rise of voltage is increased. 

In Fig. 8-30?^, V' lies outside the starting range, and therefore two 
steady states are possible: the oscillating state 0 reached by paths 
j 4' and B' and the nonosdllating state N.O. reached by ijaths C' and D’. 
In cases where this non oscillating state is reached, the phenomena 
illustrated by Fig. 8-30c occur during the falling edge of the pulse. In 
Fig. 8-30c path represents the limiting case in which the rate of fall of 
voltage is sufficiently slow that the final decay of oscillations occurs 
along the steady-state characteristic of the magnetron. Path D" 
represents the oppt)site extreme where no oscillations at all occur, and 
C" and B" are intermediate. 

The nature of the (F,7)-curves is greatly influenced by the fact that 
the gradient of ^ is very large in the neighborhood of the (F = 0)-contour. 
The point P enters the positive-f region closely alongside this contour, 
because the noise excitation of the resonant circuit is relatively small, 

' Figurn 8-31 docs not represent the voltage across the magnetron output terminala; 
it simply represents the voltage that would exist there if the magnetron did not 
draw current. 



Fio. 8-31.■—The open-cir¬ 
cuit pulaer voltage aa a func¬ 
tion of time. 
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and departs from it only very slowly at first. It is just this,circumstance 
—that oscillations must build up for some time before the current I is 
affected appreciably—which gives rise to the possibility of misfiring 
when the voltage is applied very rapidly. 

The noise in the resonant circuit has been treated, so far, as a con¬ 
stant, which it actually is not. If fluctuations in the noise are taken into 
account, each of the three cases represented by a single path in Fig. 8-30 
should be shown as a bundle of paths. Ordinarily the bundle will be 
narrow; but if conditions are critical, so that the fluctuations determine 
which of two widely different general courses will be followed, the 
bundle will spread out. Thus a path such as C' may become fuzzy, 
as illustrated in the insert of Fig. 8-301). For some purposes it may be 
necessary to consider the dependence of the noise on time, for the noise 
excitation depends on the input conditions, and the amplitude of the 
noise voltage in the circuit will have its own law of buildup. 

The time relations along any gh^en (F,/)-path may be computed 
by means of the line integral 


r" # ^ r'" dv 

4,’ ^ J Y' Gl + Ge V 


(13) 


taken along the path. The speed of starting is sometimes expressed 
in terms of the starting time, which is the interval required for oscillation 
to build up to the point where the r-f output and the increase in input 
current are easily perceptible on instruments generally used to measure 
the final or steady-state values of these quantities. The starting time 
will be least Avhen the early stages of buildup—in which the greater 
part of the increment in In V has to be covered—^take place where f has 
its maximum value, which is somewhere near the middle of the starting 
range. 

It is informative to express the starting time At in terms of an “effec¬ 
tive Q for buildup’' Qh according to the relation 


A< = - - Q„A In = -1.22 X 10-“XQ«A log,,, V\ 

OJ 


(14) 


The orders of magnitude that seem to be generally involved, for 10-cm 
pulsed magnetrons, are At = 10“® sec, Qb = —20, and A logio = 4. 

It is interesting to inquire into the implications, as related to transient 
behavior, of the same scaling relations that are used to systematize the 
steady-state properties of magnetrons. This may be done by expressing 
the various quantities that enter into Eq. (3) in terms of the “reduced 
variables” introduced by Slater.^ According to the ideas of dimen- 

^ J. C. Slater, ^'Theory of Magnetron Operation," RL Report No. 200, Mar. 8, 
1943. 
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isional analysis, there exists for each mode of each magnetron a set of 
characteristic parameters'^ 03, "U, and^, such that Eqs. (4) and (5) have a 
universal form when expressed in terms of the dimensionless ‘‘reduced 
variables^' v = T/D, v = V/V, h = ^/Oi, etc. It is convenient to 
introduce also the “characteristic conductance“ g = 


In what follows, the discussion will be restricted to the 



component, and it is assumed that the cathode-anotlc ratio is chosen 
according to the widely used formula rc/r^ = (A^ — 4)/(A^ + 4). Sub¬ 
ject to these restrictions, the expressions given by Slater for the charac¬ 
teristic parameters can be written in the forms 



(15) 


where An = 1.24 + (9.6/A^). The formulas have been put in the above 
forms to clarify the dependence upon the number of oscillators N. The 
expression for if agrees within 5 per cent with the more complicated one 
given by Slater as long as N is not less than 8. 

When written in reduced variables, Eq. (3) can be put in the dimen¬ 
sionless form 


where 



In v{v,i) 


- ffL, 


(16) 


i. = 


2C 


The parameter may be treated as the “characteristic time interval 
for transients.” From Eq. (15) it is evident that the transient behaviors 
of two magnetrons should be compared on the basis of their respective 
reduced times i/t„. However, even on this basis Eq. (15) will not have 
identical types of solutions for the two magnetrons unless the pulsers 
are appropriately scaled, that is to say, unless Eq. (6), when written 
for each of the pulsers in the reduced variables appropriate to the mag¬ 
netron with which the ptilser is associated, takes on one identical form 
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If it is assumed that the last condition is fulfilled—^yhich is never 
the case in practice—there still remains the question of the initial condi¬ 
tions that represent the noise. Here it appears that the principle, of 
similitude breaks down, for it would require that the charge on the elec¬ 
tron be scaled to the magnetron. It seems not too unreasonable to 
suppose that the noise has some relation to the shot effect, which involves 
e rather than the quantity c/m, which appears in the scaling relations. 
Thus, where noise is involved, the scaling relations can be applied only 
with some degree of reservation. 

In so far as noise is not involved, the speed of transients should vary 
inversely as According to Etp (15) 


, C\ 1 
^hNA 



(17) 


The factor in parentheses depends only on the shape [)f the resonant 
system. 

B-9. Observations and Discussion of Starting.—The observations 
described in the first part of this section were made on a magnetron 
designed especially to demonstrate the starting of oscillations under 
the simplest possible conditions. (This magnetron will be referred to 
as the ‘TjL 3.”) It has a very large mode separation, so that the principal 
mode is excited at voltages far below those at which the various compo¬ 
nents of the other modes might occur; thus, the operation in the principal 
mode should be, a priori, free of interactions Avith those modes. In 
addition, the LL3 operates in a convenient range of voltages (3 to 10 kv) 
and is thus readily adaptable to a variety of demonstrations; conse¬ 
quently it has been used for most of the illustrations of this chapter. 
It is convenient to consider the LL3 as the “standard case“ and to discuss 
other tubes in terms of their deviations from the standard. 

The LL3 is an eight-oscillator tube with anode dimensions identical 
with those of the 2J39 (I^VS); namely, = 0.4 cm, Tc = 0.15 cm, and 
l\. = 1.20 cm. It differs from the 2.139 in having double unbroken ring 
straps (instead of single broken rings) and in having no internal pole 
pieces. Its (4/4/8)-mode is at 11.3 cm; cold tests down to 7 cm failed 
to reveal any other mode. The tube can be made to oscillate at 5.5 cm, 
and the voltage of this mode is consistent with that of the (5/3/8)-mode. 
The (F,/)-relations thus correspond to Fig. 8-3c and d. Observed 
steady-state (y,7)-diagrams are reproduced in Figs. 818 and 8-21a. 

The observations described first are those which demonstrate the 
existence of nonoscillating states between widely separated modes 
and which show that for a given mode there is a definite range of voltage, 
quite sharply defined both above and below, within which it is possible 
for oscillations to start. The nonoscillating state between modes is 
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shown clearly in the steady-state (F,7)-diagram reproduced in Fig. 818. 
Figure 8-21a demonstrates that when the magnetic field is too low to 
permit the excitation of the upper mode, the non oscillating state joins 
continuously with the cutoff curve. 



Fig. 8-32.—Voltage and rurrent pulses taken with l-fiser pulser having a rapid voltage 
rise. (tt) Voltage below oscillating region; (1>) voltage pulse in oscillating region; (c) 
rurrent pulse in oscillating region. 

Figures 8-32 anil 8 33 illustrate the starting behavior observed when 
the voltage pulse has a very steep rise and a flat top, that is, under 
conditions that approach those assumed in drawing paths D and D' 


N.O. 

p p pp 

(o) (6) (c) (rf) 



Fig. 8-33. — Complete (V,7)-trares for rapidly rising applied voltage, for a series of 
voltages increasing through the oscillating range. Note the gap in the descending part of 
the traces in (rf), (e), (/), and (g), where the tube makes an ‘'attempt" to start. (a) 
Below oscillations; (?0 beginning of oscillations; (c) end of oscillations; (d) alternately 
oscillating and misfiring; (e) misfiring; (/) misfiring into cutoff (note that there is no delay 
ill current); (g) misfiring into cutoff at higher voltages. There is still no delay in current. 

in Fig. 8‘30a and b. This series demonstrates that with such a pulse, 
starting occurs only in case the voltage comes to rest within the starting 
range. If the final open-circuit voltage of the pulse is above the starting 
range, the voltage remains within the range for so short a time that 
buildup does not make appreciable headway. The pictures were taken 
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with a -ff-ziSec pulser, and Fig. 8-32a, a voltage pulse below the starting 
range, shows that the entire rise occurs in about 0.02 /zsec. Figure 
8-32b shows a voltage pulse within the starting range, and Fig. 8-32c 
shows the corresponding current pulse. The ‘^spike'^ at the leading 
edge of the current pulse represents the current required to charge^ the 
input capacitance of the cathode circuit as the voltage rises and is 
especially large in this case because of the magnitude of dV/di at the 
leading edge of the pulse; the corresponding deviation in the (F,/)“trace 
serves to distinguish the leading edge from the trailing edge of the pulse. 
Because the charging current drops almost to zero and then rises again, 
it may be seen that the space-charge current does not start to build up 
until the voltage has practically ceased rising. Figure 8■32b shows a 
small hump on the beginning of the voltage pulse which is absent in 
Fig. 8-32a; this hump results from the voltage drop that occurs, because 
of pulser impedance, when the magnetron starts to draw current. 

Figure 8 33 shows (F,/)-traces taken with pulser voltage increasing 
from just below the starting range (Fig. 8-33fz) to well above it (Fig. 
8-33 j 7). The steady state corresponding to this series is approximately 
like that illustrated in Fig. 8*21 a. These traces were taken with the 
magnetic field just too Ioav to permit excitation of the upper mode. 
For Fig. 8-33d the voltage was just at the top of the starting range; 
during a few pulses oscillations start, but during the majority they do 
not, and the (F,/)-point remains at the nonoscillating state, which lies 
on the cutoff curve. At a slightly higher voltage (Fig. 8-33 r), oscillations 
invariably fail to start during the pulse, and at still higher voltages 
(Fig. 8-33/and (/), the (F,7)-point proceeds directly to the cutoff curve. 
It should be noticed that when the voltage reaches the cutoff curve, 
current is drawn immediately—there is no indication of the delay in 
current that is evident when oscillations must start before the current 
can build up. The current pulses (not reproduced) show that Avithin 
the oscillation range, the delay in current is subject to appreciable 
variations; it is greatest at the extremes of the starting range, Avhere 
it is equal to the pulse length and decreases fairly continuously toward 
the midrange where it is about 0.015 zxsec. 

Further indication of the extent of the starting range is given by the 
behavior observed Avhen the voltage, having passed by a mode at the 
beginning of a pulse, falls again into the starting range of that mode at 
the end of the pulse, as has been assumed in draAving Fig. 8-30c. If the 
voltage does not fall too rapidly, the (F,/)-point reaches the steady- 
state characteristic and follows it to lower voltages. (Usually the slope 
of the voltage pulse has a much smaller magnitude at the trailing edge 
of a pulse than it does at the leading edge.) This sort of path is shown 

^ This charging current has not been taken into account in Fig. 8-30a and b. 
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very clearly in Fig. 8-34. If the voltage falls rapidly, only a slight 
deviation in the (F,/)-trace occurs. Evidence of starting at the trailing 
edge of the pulse may be seen in Fig. 8 33 even with the faster falling 



Fni. 8-34.—A complEtc (F,J)-tracB of a inorle skip in a magnEtron operating from a 
hard-tube pulser. Note the gap in the descending jjart of the trace for the higher-voltage 
mode, where the lower-voltage mode builds up. (The oseillationw are due to a natural 
resonance in the piilser.) The actual photograph (c) is a result of the superposition of two 
(F,/)-paths represented by the tracings (a) and (?>). 


voltage, but in must of these photographs the deviation is evidcnce^d by 
only a gap, since an exposure time adapted to the slower parts of the 
trace is not long enough to register the deviation, which is SAvept out 

rapidly and therefore appears only faintly on 
the oscilloscope screen. 

The lower limit of the starting range will be 
referred to as the ^‘starting voltage”; for the 
LL3, as for most magnetrons, it is somewhat 
greater than the minimum voltage for steady- 
state oscillation. Consequently, if the open- 
circuit voltage of the pulscr is brought up just 
to the starting voltage, the steady-state current 
increases discontinuously, as is shown by the 
gap at the low-current end of the steady-state 
characteristic of each mode in Fig. 8T8. The 
minimum current for steady-state operation is 
influenced by the impedance of the pulser and 
by the r-f load on the magnetron as illustrated 
in Fig. 8‘35. In drawing this figure, it has 
been assumed that the starting voltage is independent of the r-f load; 
while this may not be exactly true, visual observations of the (F,/)-traces 
have shown that it is a moderately good approximation. Figure 8-36, 
a series of photographed (F,/)-traces taken with various resistors 



l"iu. 8-35. -Effect nf the 
r-f load and pulscr iiiipcd- 
aiice on mini mum .steady- 
state current. A is for high 
pulser impedance; B is fol¬ 
low pulser impedance; and 
is the starting voltage. 
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in series with the modulator, shows how the minimum steady-state 
current decreases when the internal resistance of the pulser is increased. 

In terms of the conductance map, the general behavior just described 
has been interpreted to mean that the constant-Gr contours bend upward 
toward low currents, as in the lower left part of Fig. 8-29. It might 





Fig. 8 Si E*arl^ -state L'liaracteiistirh bliOA’viiiK the effcni of rhanging the pulaer 

iinppilanee on the iniiiiiiuiin ['uiient that ran l)e dia-vM!. (a) No bOiie& resistor; (fe) 200 
ohiiib in faBiies; (c) 500 nliins in beiies; (ri) 1000 ohms in beries. 

be expected that the curvature could be made to show up in the steady- 
state characteristic of the magnetron by putting a very large resistance 
in the input circuit, but attempts to do this were unsuccessful, jiussibly 
because of instability. On one occasion, when a magnetron quite 
similar to the LL3 was o])erated with a condenser shunted across it and 
with a I'csistance in seiiivs with the pulser, relaxation oscillations were 
observed to be superimposed on the voltage pulse. However, some 



(«) (ft) (f) 


Fig 8 37. — Thr clTpr't of parallrl raparitance on tlip shapes of thp rurrpnt and voltage 
pulses, (u) VdIL'ikp and ruiipiit pulses vilh no poiiilenspr. The fiist pait of the voltage 
pulse does init show lipcause the swpp]) of the osrilli>spui>e is tiiggpied b> llie diivpi puhsp 
of the pulse geiieiiiloi. (fO Voltage and run rut pulses AMth 251) fxiil in paiallel with the 
inagiietion. (r) Voltage and eiirrent pulscb with 1000 p/xf in paiallel. 

further indication that the magnetron characteristics do not fall uni¬ 
formly toward very low currents may be seen in (F,/)-traces that shoAV 
the trailing edge of the pulse, particularly Fig. 8'38a and b. There it 
appears that at a certain minimum current the (F,/)-point suddenly 
changes its direction of motion and—as judged by the density of the 
trace—also its speed. 

Observations that indicate how starting behavior is influenced by 
the speed with which voltage is applied to the magnetron are illustrated^ 

^ UnfortuTuitcdy, this sprips of traces does not correspond to the sequence of 
Chrves A' to D' of Fig. 8-30b, which have been discussed theoretically. For those 
curves, it was assumed that the reactance in the input circuit of the magnetron was 
negligible, but in the present series of traces the eflfeets have been produced entirely 
by adding reactanee to that cireuit. The demonstration would be more pertinent 
if the rate of rise of voltage had been controlled entirely by modifieations in the 
driver of the pulser. 
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by Figs. 8-37 and 8-38. For this experiment a Raytheon Laboratory 
pulser was used, with shunting condensers to vary the rate of rise. p]veii 

r 

(a) 

Fin. 8 3H.—The cffpct of parallel rapaeitanre on the overhhoot of the ^startinR voltaRe. 
(a) The (F,/)-tracB with no condenser. The voltaRe rises high enough on the rising edge 
to cause misfiring in some pulses. (6) The (F,/)-tracD with 2.50 in parallel with the 
magnetron. The voltage docs not rise so high as in (a), and misfiring is eliminated, (r) 
The (V’,/)-trace with 1030 /i/if in parallel. The overshoot is derreased still more. (Note 
that the slight decreasB in steady-state voltage from (a) to (c) is due to an error in setting 
and is not associated with the phenomena being discussed.) (d) The steady-state (F,/)- 
eharacteri.stic corresponding to (a). 

with no shunting condenser, the voltage rise on this pulser was con¬ 
siderably slower than that of the e-jasec pulser used 
for Figs. 8*32 and 8-33. The effect of the parallel 
capacitance on the current and voltage pulses is shown 
in Fig. 8-37. Figure 8 38 shows the effect of the paral¬ 
lel capacitance in reducing the overshoot of the 
applied voltage. In Fig. 8-38c the rate of rise of volt¬ 
age is slow and the current builds up suddenly when 
the voltage reaches the starting value; but when the 
voltage rises more rapidly (as in Fig. 8-38a), there is 
an increasing tendency to overshoot the starting volt¬ 
age before the buildup of current sets in. Figure 
8-38d shows a steady-state characteristic corresponding 
to Fig. 8-38ci. 

A (F,/)-trace of the exact type of Curve C' in Fig. 
8-30b was not observed with the LL3 magnetron, 
although some attempt was made to produce condi¬ 
tions in which it might appear. However, such a 
curve has been observed with a different magnetron. 
Figure 8-39 is a reproduction of a (F,/)-trace for a 
2J42 (LVX) magnetron that gives unmistakable evidence 
that a false start is made on the rising part of the trace. 

B-10. Observations on R-f Buildup.—The results just described, along 
with the theoretical considerations contained in Sec. 8-8, give a fairly 



F I Q . 8-3M.—A 
(F,/)-trace from a 
2J42 magnetron, 
.showing the “ at¬ 
tempt ” to start 
made by the lower- 
voltage mode even 
when the tube even¬ 
tually Dsrillates in 
the higher-voltage 
mode. {Photograph 
courtesy of J. V. 
Lebacqz.) 
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general qualitative understanding of the way oscillations start in a 
magnetron. However, the speed of the transients in microwave mag¬ 
netrons is so great that a rather complete revision of the measuring 
techniques is essential if the subject is to be put on a quantitative footing. 
The following experiments, which were interrupted by the end of the 
war, represent a start in that direction.^ They were made possible by 
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Fin. 8-4n.—Tlip buildup of iiiaKiietron current and r-f voltagp tin ousb the operating 
laiige of applied voltage. (a) Typiral applied voltage; (b) envelopes of r-f oseillations for 
different voltages; (r) tube ruiieiits for different applied voltages. (The oidinate is the 
voltage developed at tlio oscillograph, and is proportional to the r-f voltage within the 
magnetron.) 


the development^ of an oscillograph with a “resolving time’^ smaller 
than 10“'“ sec. The instrument actually consists of three oscillograph 
systems that record on the same photographic plate simultaneously. 
Thus it is possible to record, for a single isolated pulse, the r-f output 
and the input current and voltage as functions of time. 


^ For a Ill ore i“oinplcte report of the experiments, see R. C. Fletcher and G. M. Lee, 
NDRO 14-543, November 11)45. 

“ By G. M. Lee, in the Insulation Research Laboratory of Massachusetts Institute 
of Technology. 
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(a) 




(&) 


The aim of these experiments was to investigate the speed of buildup 
as a funrtion of the applied voltage. This was to be done by applying a 
rapidly rising voltage pulse, so that the buildup would occur at essentially 

constant voltage, as along path D in 
Fig. 8‘30fl. From such results, it 
would be possible to derive Gi as a 
funrtion of V in the neighborhood of 
the {V = 0)-curve. 

One series of experiments was per¬ 
formed Avith the l-juHPC piilser that 
had been used for Figs. 8 32 and 8-33. 
Figure 8 40 shows typical voltage, 
r-f and current pulses as obtained 
from measurements of oscillograms 
like those in Fig. 8-41. (The r-f and 
current pulses for 4.75 kv are peculiar 
and will be explained later.) It is 
evident that the pulser is rather slow 
for the present purpose, for, as is 
shoAviiby the overlapping of Ihe charg¬ 
ing current and the buildup current 
in Fig. 8-40c, the buildup of oscilla¬ 
tions has proceeded quite far before 
the applied voltage stops rising. 

The rate of buililup can be repre¬ 
sented conveniently by plotting the 
logarithm of the amjditude of successive oscillations against the ordi¬ 
nal number of the cycle, as is done in Fig. 8 42 for the same traces 
as were used for Fig. 8 40. Within the limits of experimental error, 
the curves (except that for 4.75 kv) approach a straight line at Ioav r-f 
voltages, Avhich indicates that the oscillations build up exponentially 
at first, that is, according to the law V ^ where a is positive. ‘ From 
the slope of the straight-line portion of the curve the 'T^uildup Qh 
may be computed according to the relation 


i 


ic) 

Fiti. 8-41.—Tjpical osnilloEriimH of 
the high-.speed ohcillograph. (a) Ap¬ 
plied volt age; (^) i-f o.sfilhilioiis; (c) 
tube current. 


Qb 


-2.30 A loR io ^ 
27r AN 


(18) 


Values of Qb so obtained, from Idg. 8 42 and from additional data of the 
same sort, are plotted against V in Fig. 8-43. (Here V is taken equal to 
the maximum value reached by the applied voltage.) 

1 It should be emphasized that this law of buildup is entirely different from that 
for a parallel-resonant circuit suddenly connected to a constant-current source, in 
which r « (1 — 
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Above 4.6 kv the curves Were peculiar, somewhat like the 4.75-kv 
curve of Fig. B-40, and it was not possible to derive values of Qb from 
them. The horizontal portion of the 4.75-kv curve in Fig. 8 406 does 
not represent a true stable state of oscillation, for it is common at the 
higher applied voltages for the curves to stop rising and then start in 



Fiq. 8-42.—LoKariihmir' plots of the r-f envelopes shown in Fig. 8-40t. 


again. This behavior may be interpreted to mean that the (F,/)-point 
follows a path that is very nearly tangent to the upper boundary of the 
positive-f region. 

From the results one can conclude that the buildup is exponential 
in its early stages, that ^Qb is about 25 in the middle of the starting 
range, and that —Qb tends to decrease at lower applied voltages. A 
more complete analysis would be difficult, because the applied voltage 




376 


TRANSIENT BEHAVIOR 


[Sec. 8-11 


varies considerably during buildup and its variation would have to be 
measured very precisely. 

B-11. Effect of Design and Operation on Starting.—In succeeding 
paragraphs an attempt is made to enumerate the various factors entering 

into the design and operation of 
magnetrons that are related to 
starting and misfiring. The dis¬ 
cussion applies only to cases in 
which interactions between modes 
are not important. According to 
the considerations of Sec. 8-8, it 
should be possible to reduce the 
tendency toward misfiring by (1) 
increasing the amplitude of the 
noise, (2) increasing the rate of 
buildup as measured by — 1 /Qb, 
and (3) increasing the time inter¬ 
val during which the applied volt¬ 
age remains within the starting 
range. Whatever inf orm ati on 
there is has to be obtained from 
over-all effects such as the loca¬ 
tion of the current boundary on 
the performance chart where mode 
changes occur. Because detailed 
observations arc lacking, it is not 
always possible to form a very 
clear picture of how the primary 
factors mentioned above are 
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 involved. 

YoJtage in kv goniG caution should be exer- 

J TO. ^ functiDii of cised in drawing conclusions from 

observations on mode changes. 
For instance, it has been rather common practice to describe this aspect 
of magnetron performance by drawing a “mode boundary“ on a per¬ 
formance chart. The results already presented show that this boundary 
is not a property of the magnetron alone but rather of a specific combi¬ 
nation of magnetron and pulser. Also, it must be remembered that mis¬ 
firing is a threshold phenomenon and that just at the threshold small 
influences can lead to large effects. Magnetrons that are prone to skip 
modes are obviously those 'which have at best a narrow margin of start¬ 
ing speed, so it should not be surprising if such tubes prove sensitive in 
some degree to almost any sort of variation in construction and operating 
conditions. 
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The R-f Load .—Heavy loads, according to general' observations, 
result in a reduction of the current at which misfiring takes place. 
This behavior is not at all surprising, but the primary factors listed 
above seem to enter in a rather obscure fashion. There is perhaps some 
reason to believe that the load should not have a strong effect on the noise 
level. At least, if the noise does behave like the shot effect, the voltage 
amplitude of the noise should depend on the effective capacitance of the 
circuit and not on its Q. Furthermore, Qb should not be strongly 
affected by such changes in load as are ordinarily met. For instance, 
if it is assumed that Qb is equal to —25 when the loaded Q is equal to 
150, the relation between Qb and Q^ is as indicated in Table 8T. 


Tabi.e 81. —Relation between Ql and Qb 


Ql 

300 

150 

100 

75 

50 

30 

Qb 

-23 

-25 

-27 

-30 

-37 

-75 


Ordinarily, such extreme loads as are represented by the last two columns 
in Table 8T are not applied in practice. Thus it appears that the more 
important direct effects of heavy loads are to restrict somewhat the 
starting range and, more important, to raise the steady-state charac¬ 
teristic, so that a higher voltage must be applied to the tube in order to 
obtain a given current. 

It is common in experimental work and in testing to vary the load 
by means of transformers in the output transmission line. When rapid 
transients are involved, the effect of the transformer can be expected 
to depend quite appreciably on the distance between the transformer 
and the coupling loop. If the reflection coefficient at the magnetron 
is equal to q for steady-state oscillations, then for oscillation increasing in 
amplitude as exp ( —cj^/2Qb), the reflection coefficient is equal to q 
exp {u^l/vgQu), where Vg is the group velocity in the transmission line 
and I is the distance from the magnetron to the transformer. In coaxial 
line, Vg = Xcj/27r, and the factor is exp {2ivI/\Qb)) for l/\ = 1, which 
might apply to a fixed transformer put as close as possible to the mag¬ 
netron, the reflection coefficient is reduced in the ratio of 0.78; and for 
Z/X = 5, Avhich might apply to a test bench with a standing-wave detector 
between the magnetron and a variable transformer, the factor is 0.28 
if Qb is assumed to be —25. 

The Effective Capacitance of the Resonant Circuit .—Other things being 
equal, the speed of buildup is inversely proportional to the capacitance C. 
In addition it seems likely that the capacitance influences the amplitude 
of the noise voltage; for in so far as one can judge by the behavior of 
the shot effect, the amplitude of the noise voltage should be inversely 
proportional to C. Thus, from the standpoint of starting, it is desirable 
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that C be made small. On the other hand, if C is made small and at 
the same time the loading is adjusted for high efficiency, the frequency 
becomes unstable against changes in load, so that some compromise has 
to be made. 

At first thought it might be expected that highly stabilized mag¬ 
netrons—for instance, those which have an external stabilizing cavity— 
would tend to start very slowly, since the effective capacitance is increased 
in proportion to the stabilization factor. Actually the ''stabilizing 
resistor" that is used in such arrangements to damp out extraneous 
resonances must to some extent isolate the magnetron from the high-Q 



Fni. 8-44.—Eff3ct of cathode diameter on (a) misfiring and (?>) efficiency. Circles are for 
45 per cent loop; triangles for 60 per cent loop. 

cavity as far as rapid transients are concerned. There should be some 
tendency for the magnetron to build up at nearly its normal rate and for 
equilibrium between the magnetron and the cavity to be established more 
slowly. 

Diameter of the Cathode .—It has been observed with several types of 
magnetrons that increasing the diameter of the cathode reduces the 
tendency toward misfiring. This effect is illustrated by Fig. 8-44a, 
which represents data obtained at the Bell Telephone Laboratories^ for an 
eight-oscillator 25-cm magnetron. The curves of Fig. 8 456 show the 
effect of the cathode diameter on the efficiency and demonstrate, in 
accord with general observation, that enlarging the cathode tends also 
to reduce the efficiency of the magnetron, so that again the design must 
be based on a compromise^ 

1 H. D. Hagstrum, W. B. Hebenstreit, and A. E. Whitcomb, “On the Maximum 
Current Limitation Encountered in L-band Magnetrons,” Case 24375-2, BTL Memo¬ 
randum MM-45-2940-2, June 25, 1945. 
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Cathode-end Structures .—Some experiments by Forsberg^ indicate 
that the details of the structures at the ends of the cathode—put there 
for the purpose of confining the electrons to the interaction space— 
exert a considerable influence on the tendency to misfire. The experi¬ 
ments started from the observation that a partial correlation could be 
made between current at onset of misfiring and ‘Meakage current”; 
some of the tubes that had the least tendency to misfire were those which 
had a steady-state characteristic that fell off gradually at low currents, 
more or less as illustrated by Curve A in Fig. 8 45, rather than ones with 
a sharp break such as is indicated by Curve B. Attention was then 
directed toward inventing end structures that would accentuate the 
leakage but would not reduce the efficiency in the range of currents 
where the tube normally operated. It was 
ftnind that a slight enlargement of the cathode 
for a small distance at the ends served the 
purpose. The leakage w as effective only if it 
occurred wdthin the interaction space. Larger 
end disks were retained to confine the space 
charge; details of the struct\ires are described 
in Chap. 12. Forsberg further found some 
indication that the tubes which showed the 
least inclination to misfire also had the greatest 
noise levels; his curves indicated differences 
as great as 20 db. However, the observations 
were not sufficiently detailed to warrant the 
conclusion that this is the only effect which is involved. 

Cathode Emission ,—With some magnetrons, the tendency to misfire 
is correlated to some extent A\ith low primary emission of electrons 
trom the cathode. However, it is difficult to understand wLy the 
tendency to misfire should be very much affected by the condition of the 
cathode unless the condition is very poor, for the observations with 
the (F,/)-scope indicate that the conditions leading to eithei' misfiring 
or complete buildup are established before the current has built up very 
far. (Of course, a correlation should be expected if what is occurring 
is a mode shift early in the pulse.) Otherwise it may be a secondary 
effect—for instance, if inadequate emission raises the steady-state 
characteristic (as in Fig. 8-20), it will also result in the application of a 
higher voltage when comparison is made on the basis of constant 
steady-state current. Magnetrons that do not ordinarily skip modes 
(presumably those which start very rapidly) seem generally to function 
satisfactorily even when the primary emission of the cathode is very 
low. 

^ According to private communication from P. W. Forsberg. 



Fill 8 45 —A studv of mis¬ 
filing IniseJ Dll steaiK-slatp 
chill aft PI isl 1 cs. Tubes of 
j)B A sliDW inni c* tciidpiirj to 
imsfiip than tubes of T\ pe H 
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Uniformity of the Magnetic Field .—Nonhomogeneities in the magnetic 
field can have a pronounced effect on the tendency to misfire. For 
instance, the 2J39 Was improved to a marked degree by making a slight 
change in the magnet poles that reduced the excess of magnetic field 
at the ends of the interaction space. The original inhomogeneity 
presumably caused a strong concentration of the space charge at the 
middle of the interaction space. Effects of nonuniform and nonaxial 
fields on starting have been observed on many occasions. 

The Pulser .—The principal means available for correcting misfiring 
in any completed magnetron is control of the input conditions. If it can 
be so arranged that the open-circuit voltage of the pulser falls within 
the starting range, no difficulty with misfiring should be experienced; 
but when the magnetron has to be operated at a relatively high current, 
or when the use of a high-impedance pulser is dictated by other con¬ 
siderations, there exists some possibility that misfiring may occur. 
To eliminate the misfiring, one must, in essence, reduce the rate at which 
voltage is applied to the magnetron, but this is only a qualitative state¬ 
ment of the requirements. A precise statement of the conditions just 
sufficient to ensure reliable starting could be made only on the basis 
of a thorough understanding of the effects of the reactances in the input 
circuit. An analysis of these effects could be made by extending the 
methods developed in Sec. 8-8, but such a program would undoubtedly 
involve very extensive calculations. For further discussion of pulsers, 
the reader is referred to Vol. 5 of the Radiation Laboratory Series. 

B-12. Interactions between Modes. —The prc^ceding sections have 
dealt with a more or less ideal magnetron—one purposely designed to 
have so great a mode separation that as far as operation in the principal 
mode was concerned, the existence of other modes could be ignored 
completely. In practice, magnetrons have to be designed to meet other 
specifications, and it may be impossible, with existing techniques, to 
meet those specifications and at the same time make the mode separation 
great enough to fulfill the condition mentioned above. Therefore it is 
important to inquire hoAV, in such cases, the transient behavior and the 
stability of the principal mode can be affected by interactions with other 
modes, even though this inquiry must be largely speculative. 

It seems obvious that an interaction between modes must introduce 
a considerable additional degree of complexity into the phenomena 
treated in Secs. 8 8 and 8-9, so perhaps it should not be surprising that 
reliable experimental data are exceedingly scarce. In most of the early 
AVork on mode selection, it seems that it was taken for granted that any 
mode change could be interpreted exclusively in terms of an interaction 
between the two modes. Since it is now known that misfiring and 
instability can occur entirely independently of such causes, all conclusions 
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about interaction which are based on the mere observation that a mode 
change does or does not take place should be regarded with skepticism. 

If one excludes from consideration purely electromagnetic inter¬ 
actions which can be investigated by cold-resonance methods, an inter¬ 
action between modes can take place under normal operating conditions 
(i.e., no (external source of r-f power) only if two modes are excited simul¬ 
taneously by the space charge. The simultaneous excitation of two 
modes occurs only as a transient, for as had been mentioned previously in 
this chapter, it is never observed under steady-state conditions.^ Evi¬ 
dently the nonlinearities of the space charge are of such a nature that 
oscillation in two modes represents an unstable condition when the 
amplitudes of oscillation become large. 

Ways in which an instability of this sort may come about can be 
illustrated by extending the analysis outlined in Sec. 8-8 to include 
simultaneous oscillation in two modes. It is assumed that one has to 
deal with two modes that have 
different values of n and that no 
interaction other than that which 
enters through the space charge 
need be considered. Because the 
modes have different frequencies 
and their electromagnetic fields 
are of distinct types, the excita¬ 
tion of each mode can be charac¬ 
terized by an r-f voltage and an 
electronic admittance. The ad¬ 
mittance for frequencies in the neighborhood of the resonance of a 
mode behaves like that of a parallel-resonant circuit; thus the complete 
system can be represented by the equivalent circuit shown in Fig. 8-46. 

The nonlinearity of the space charge, which for one mode is expressed 
by the dependence of the admittance on the r-f voltage, is for two modes 
expressed by a dependence of each of the admittances on both r-f voltages 
as well as upon the input voltage V. In addition, the input current is 
dependent on both r-f voltages as well as upon the input voltage V. The 
magnetic field enters as a parameter that need not be expressed, and 
the electronic susceptance may be ignored, because small shifts in fre¬ 
quency are not of interest. Thus the space charge can be described by 
the relations 


G.i = a,(F, f., V,), 

(19) 

Ge, = GUV, Vi, V,), 

(20) 

I = j(7, r., V,). 

(21) 


^ The observation of a relatively weak noise spectrum at the frequency of a second 
mode is not considered to indicate excitation in the present sense, 



Fig. 8-4R.—EmiivalBiit nirruit for tlie siiiiul- 
taneoiis exr’itiitioii of two hiolIbs. 
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The transient behavior is governed by the relations 

d , Y/ “I" 

it —w.—’ 

d ^ ((?b2 + Gl^ 

=- - , 

F = V{I,t), 


( 22 ) 

(23) 

(24) 


where Eq. (24) describes the properties of the pulser. 

Some idea of the nature of the solutions of the above set of equations 
can be obtained by following through a somewhat idealized special case 
which can be treated by graphical methods. It is assumed that the open- 
circuit voltage of the pulser rises so rapidly that it can be approximated 
by a step function, with the result that the entire buildup takes place 
along a fixed curve—the steady-state pulser characteristic—in the 
(F,/)-plane, and Eq. (24) can be replaced by 


V= V' - f{I). 


(25) 


(This is the analogue of the case represented by Curve D of Fig. 8-30cz.) 
By combining Eqs. (21) and (25), I can be eliminated and V can be 
expressed as a function of Vi and V consequently and G ,2 can be 
expressed as functions of V\ and V 2 , only. Thus when substitutions 
corresponding to Eq. (7) arc made, Eqs. (22) and (23) take the forms 


= fi(^i,^2), (20) 

= £ 2 (^ 1 ,^ 2 ). (27) 


The course of the transient can be followed by tracing the path of the 
point (^ 1 ,^ 2 ) in the (^i,^ 2 )-plane; the differential equation for the path is 

d \ l /2 {2(^1,^2) 

The solution of Eq. (28) will contain the initial values of and ^2 which 
represent the noise voltages that exist in the respective modes at the time 
buildup starts. 

If the functions f 1 and £2 are represented by a contour map, the solu¬ 
tions can be traced out as illustrated^ in Fig. 8-47. The initial noise 
voltages in the respective modes can be represented by a density distribu¬ 
tion of points (^ 1 ,^ 2 ) 0 (Avhich presumably are concentrated somewhere 

^ Equation (28) and diagrams of the general type of Fig. 8-47 were originally 
applied to the present problem by Arnold Nordsiock in some informal lectures at the 
Radiation Laboratory, 
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in the lower left region of Fig. 8-47). The probability that the system 
will follow some path that lies between any two given paths is directly 
proportional'to the number of points (V'i,^ 2 )d that are contained between 
those two paths; this is the form of the final result. 

The contours of and ^2 in Fig. 8 47 have been drawn on the basis 
of the following considerations. It seems entirely reasonable to suppose 
that when either r-f voltage is small, the space charge should be linear 



with respect to that voltage. Thus, when yj/i is small, both and ^2 
are independent of ^i, and the dependence of £2 on ^2 is the same as if 
Mode 1 did not exist. It is further assumed—and this is open to question 
—that Avhen £1 and {2 are both large so that nonlinear effects become 
important, the dependence of ^2 on is stronger than its dependence on 
^ 2 ; similarly with the subscripts interchanged. Figure 8-47 is supposed 
to represent a case in which the two modes would have nearly coincident 
conductance maps if interactions were not present and in which the pulser 
characteristic passes near the centers of the starting ranges. 
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According to Fig. 8-47 the system has zero probability of arriving at 
the intersection of the (f = 0)-contours—which conceivably might 
represent a stable state of simultaneous oscillation in two modes—because 
out of the infinity of orbits leaving the lower left part of the diagram, 
only one orbit proceeds to the intersection. This result is a consequence 
of the fact that the contours have been drawn in such a way that certain 
requirements for stability are not fulfilled at the intersection. By making 
approximations similar to those made in deriving Eq. (12), it can be 
shown that operation at the intersection can be stable only if the following 
conditions are fulfilled at that point; 


?Al + Sj! < 0 

d\l/i dyf/o 

^ Q 

d}pi d\p2 dyf/z d\i^i 


(29) 


If these conditions are fulfilled, orbits that pass within the neighborhood 
of the intersection will also reach the intersection. In so far as simul¬ 
taneous steady oscillation in two modes is not observed, it would appear 
that relations (29) are in contradiction to some inherent property of the 
space charge. A more rigorous treatment of the input circuit would 
undoubtedly lead to additional requirements for stability. 

A further development would consist in finding how the mode selec¬ 
tion is influenced by operating conditions such as the magntitic field, 
the r-f loads on the respective modes, the open-circuit voltage and the 
internal resistance of the pulser. All of these variables enter into the 
values of f as parameters; in addition, some of them may influence 
the noise distribution. Still other problems arise in connection with the 
design of magnetrons, and one might inquire how the values of £ and 
thus the mode selection are influenced by the separation of the modes and 
the character of their field patterns in the interaction space. 

So far, the discussion has been based on an idealization, namely, 
that the buildup occurs along a stationary pulser characteristic. As 
shown in the closing paragraphs of Sec. 8 9, this approximation is rather 
poor. With an applied voltage that rises during buildup, the values of 
f depend explicitly on the time, and the contours of Fig. 8-47 have to be 
thought of as moving about during the transient. An important problem 
that arises in this connection is that of the effect of mode interactions 
on starting time. For instance, as between two modes that interact, 
the undesired mode may never win out, but the interaction may have the 
effect of slowing down the buildup to such an extent that there is an 
abnormally great tendency toward misfiring. Or the interaction might 
conceivably produce the opposite effect. 

Inasmuch as the strapping of magnetrons has received much promi- 
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nence as a device for controlling mode selection, it seems worth while 
to consider how the functions of the straps are related to the considera¬ 
tions advanced above. The primary function of the straps undoubtedly 
is to tighten the coupling between the individual oscillators of the cavity; 
this effect naturally results also in increased separations betAveen the 
frequencies of the modes. In addition, the straps afford the possibility 
of exercising some measure of control over the loading of the various 
modes and over their patterns in the interaction space. Symmetrical 
straps, such as unbroken rings, regularize the patterns of all the modes. 
Asymmetrical straps, such as broken rings, separate the members of the 
doublet modes from each other in frequency and tend to deteriorate the 
patterns of all the modes; however, the asymmetries can be so designed 
as to distort the (iV/2)-mode much less than the other modes. The 
orientation of the asymmetries, relative to the coupling loop, determines 
whether only one or both of the members of a separated doublet will 
be coupled to the external load. 

In so far as there may be present some interaction between the (A^/2)- 
mode and an undesired mode, it would seem advantageous to distort 
the pattern of the unwanted mode and thus ‘^handicapthat mode. 
In addition it Avould seem desirable that the unAvanted mode should be 
damped to some extent by being coupled to the external load. On 
the basis of these arguments, strap breaks have been incorporated 
into many magnetrons. In most cases,* the introduction of the breaks 
definitely affects the behavior of the magnetron, but there are not 
available sufficient data to show whether the effects are attributable to 
the patterns, the loading, the removal of the degeneracy, or simply 
the quite appreciable change in mode separation that occurs Avhen the 
straps are broken. Certainly strap breaks should not be considered at 
all as a remedy for misfiring in the type of situation presented by the 
LL3. 


The mode that usually gives trouble of the sort that might be 

(N /N / \ 

attributed to an interaction is the I 2 " 1-mode, for it so 

/N /N / \ 

happens that in many magnetrons this mode and the I/ '2 / ^ J-niode 

have nearly equal values of yX, and thus have overlapping starting ranges. 
The values of are exactly equal Avhen the wavelength of the 

^^^ ~ ^ !-^^^-niode is just iV’/(iV' + 2) times that of the 

^ instance, 0.8 for eight oscillators, 0.86 for 
twelve—and it so happens that in high-voltage magnetrons it is difficult to 
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make the mode separation very different from this value. Moreover, the 
1 ^^ ^ frequently seems to have considerable 

vitality. 

One type of behavior is common to the following magnetrons: 2J38, 
2J39, 4J33, and 720. In all these magnetrons the ^ ^/^2 ~ ^/ 

(N /N / \ 

mode has a slightly larger y\ (loAver voltage) than the I ^ / ^ )" 

mode, and the straps have breaks. All of the tubes exhibit mode changes 

(N . /N / \ 

at low currents; that is to say, the 1 ^ ^ / 2 ~ ^ excited 

if attempts are made to run the tube at too low a current in the 
im/ A^-mode. To some extent, the behavior can be interpreted 

on the basis of the starting voltages. If the applied voltage is above 

/N /N / \ 

the starting voltage of the I+ 1 / ^ ^ / A 1-mode but below that 

of the (V-V-) , the former is excited; if the applied voltage enters 

/a /a / \ 

the starting range of the ( ^ / '“2 / ^ mode takes control. 

From this argument one should expect that with a very slow rise of 

/a /a / \ 

voltage, operation in the ( 2 + 1 / — 1 / A l-mode could be pushed to 

higher currents. Examination of the (F,7)-traces of a 2J32 magnetron, 

however, showed that very complicated intrapulse transitions occurred. 

With a more rapid rate of rise of voltage, the starting behavior of these 

magnetrons in the normal operating range is like that of the LL3. 

The 725 and 2,142 magnetrons have mode separations similar to 

those of the tubes listed above and have brokem straps, but these tubes 

( A" /A / \ 

+ 1 / — 1 / A j-mode. 

Omission of the strap breaks in the 2.142 was found to have no effect 
on its behavior. Qualitatively, the starting in these tubes is entirely 
similar to that of the LL3, although the 725 starts so rapidly that it is 
exceedingly difficult to make it misfire. 

A third type of behayior Avas observed in two experimental 
4J33 magnetrons from Avhieh strap breaks had been omitted. The 

^^! A^- and ^^ ~ ^^ A^-modes had voltages so nearly 
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equal that they Could just be distinguished in the (7,/)-scope. There 
was a skip between these two modes, quite independently of whether a 
rapidly or slowly rising pulse was applied, and both modes persisted to 
very high currents. Apparently this is a case in which two modes 
overlap so perfectly that the interaction diagram (Fig. 8-47) preserves 
its general symmetry for all possible positions of the pulser characteristic. 

The first and last sets of examples give some indication of how the 
effect of interaction depends upon the mode separation, although the 
difference between the fir,st and second set of examples remains unex¬ 
plained. It would not seem too difficult to invent interaction diagrams 
that would account for the peculiar phenomena illustrated in Fig. 8T6. 



CHAPTER 9 


NOISE 

By F. F. Rieke 

9-1. Introduction. —The problems that involve the noise-generating 
properties of the magnetron appear to be of two rather distinct types. 
In one sort of problem the noise is of interest as the starting point for 
the buildup of coherent oscillations. In the other type of problem the 
noise is of concern as one of the factors in the signal-to-noise ratio of the 
steady-state oscillations of the magnetron. 

It is emphasized in Chap. 8 that the “starting time” of a magnetron 
bears a close relation to the maximum rate at which the input voltage 
can be applied without causing the magnetron to misfire. The starting 
time, in turn, is determined by two factors, each equally important, 
namely, the noise-level from which the buildup of oscillations starts and 
the rate of buildup. Thus the matter of noise generation enters into the 
problem of mode selection, and it Was primarily in this connection that 
studies of noise in magnetrons was taken up in the Radiation Laboratory. 
A rather special problem, closely related to the more general one just 
mentioned, is concerned with the practicability of establishing phase 
coherence between successive pulses by “priming” the pulsed magnetron 
with power derived from a stable source of c-w oscillations. An imi)or- 
tant consideration in any application of this device is the amount of 
c-w power required to ensure a specified degree of coherence. It seems 
reasonable to suppose that the voltage from which buildup starts is the 
vector sum of the c-w voltage (of constant phase) and the noise voltage 
(of random phase). On this basis the c-w power required to ensure a 
given degree of coherence between the pulses can be related to the 
noise-power normally present in the magnetron. 

The second type of problem—that of signal-to-noise ratio—was 
encountered (in the RCA Laboratories) in developing a c-w magnetron 
for a special sort of radar that required part of the transmitted signal to 
be fed into the receiver as local-oscillator power. In this case the over-all 
signal-to-noise ratio of the system is strongly dependent upon that of the 
transmitter, a circumstance quite different from the one met with in the 
more conventional pulse radars. Although the case just mentioned is a 
rather specialized one, similar problems very likely will be encountered in 
any attempt to adapt magnetrons for use as local oscillators, and it is 
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not unlikely that the magnetron will be given serious cjonsideration for 
that purpose for frequencies somewhat above 30,000 Mc/sec. In addi¬ 
tion, there is already some indication that signal-to-noise ratio in mag¬ 
netron transmitters will be an important consideration in the adaptation 
of these tubes to wideband communication systems. 

Considered from a more theoretical standpoint, studies of noise may 
provide an additional means of investigating conditions within the 
electron stream in the magnetron, a matter far from settled by existing 
theoretical treatments. This possibility has been pointed out previously 
in a paper by lander^ on the evaluation of the electron temperature in 
single-anode magnetrons. Linder found that probe measurements and 
also the results of an analysis of the cutoff curves in single-anode mag¬ 
netrons indicated electron temperatures of the order of 10^°, and he 
suggested that so high a degree of disorder in the electron stream should 
also manifest itself in the noise-generating properties of the magnetron. 

The actual investigation of noise in magnetrons has been taken up 
only recently, hoAvever, and it is not possible to discuss the subject with 
very much assurance. It is hoped, nevertheless, that the present chapter 
may be of value in giving some indication of the present status of the 
subject. 

9-2. Preoscillation Noise. —The noise that occurs in magnetrons 
before coherent- oscillations start is of practical interest in connection with 
pulsed magnetrons. Because of experimental difficulties, hoAvever, it 
was possible to make only crude measurements of the noise in pulsed 
magnetrons. Conditions for measurement are much better in the case 
of c-w tubes; and as there is no fundamental difference between the two 
kinds of magnetron, the c-w measurements will be described in greater 
detail. 

The measurements were made on a series of tubes that had similar 
oscillator structures- but varied considerably in the construction of the 
^‘hats,'^ or end disks, at the ends of the cathode to confine the 

electron stream to the interaction space. (It was not apjjarent that 
these modifications caused any significant differences in the behavior 
of the noise.) The magnetron was pumped continuously. A spectrum 
analyzer, with a x)ass band of 0.1 Mc/sec, was used to measure both the 
power and the bandwidth (between half-power points) of the noise. 
In computing the noise power, the power per unit frequency interval 
observed at the center of the spectrum was multiplied by ir/2 X W, 
where W is the width of the spectrum in megacycles per second between 
half-power points. 

' Linder, E. G., Jour. A^ppliEd Phys.^ 0, 331 (1938). 

" The magnetron was a 9.8-cm, 20-oscillator tube, with Fd = 175 volts, = 399 
gaii.ss, /d = 0.31 amp. 
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The results of a representative experiment are shown in Fig. 9-1, 
where bandwidth, power, and input current are plotted against the 



500 600 700 

Applied voltage in volts 

Fig. 9-1.—(a) Bandwidth, (b) noise power, and (c) input current as a function of applied 
voltage for a magnetic field of 900 gauss. 

applied voltage for a magnetic field of 960 gauss. For voltages below 
600 the bandwidth is about 27 Mc/sec—roughly consistent with the 
loaded Q of the magnetron (Ql = 160, Av = vlIQl = 19 Mc/sec). 
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As the applied voltage approaches 722, the power rises rapidly and the 
bandwidth goes sharply to zero. (Actually, of course, it is not possible 
to measure the half-value width Avhen it becomes less than the pass band 
of the analyzer.) At 722 volts the input current also starts to increase 
rapidly, and this point may be considered to be the critical voltage where 
self-sustained oscillations begin. 

Observations on pulsed magnetrons indicate crudely the same sort 
t)f behavior as that described above. In one respect the pulsed tubes 
differ—the current increases discontinuously at the critical voltage, as is 
illustrated in Fig. 8'36. This discontinuity shows up in some c-w mag¬ 
netrons and not in others, for reasons so far not understood. 

The phenomena jiist described can be interpreted in the following 
way. The space charge generates a (noise current)^ per unit frequency 
interval (denoted by dil/dv)^ that is a slowly varying function of the 
frequency. Inasmuch as the noise current is substantially constant 
over the frequency interval v/Q^ the observed noise spectrum is simply 
the constant-current response of the resonant system of the magnetron 
expressed in terms of power. The variations in the bandwidth, are 
attributed to the changes in the Q of the system caused by electron 
loading, which can be described in terms of the electronic conductance 
Gf discussed in Chaps. 7 and 8. The Q of the system is given by the 
relati on 

f) __ QlGl 
^ ~ Gl^g: 

The narrowing of the spectrum just below the critical voltage, 
according to this interpretation, means that Gc is negative in this range. 
To check this hypothesis, impedance measurements were made ^booking 
into’' the magnetron while voltages below the critical value Avere applied 
to it.^ 

The normalized conductance f/o of the magnetron at resonance is 
given by the expression 

_ Gu -h Ge _ Gu + Ce 

[70 — ^ y;,- ■ 

KJE CtL — IjTU 

As G, becomes increasingly negative, starting from zero, go decreases 
from the value Gv/Ge = Qe/Qu to zero, then changes sign and becomes 
increasingly negative. (It is to be expected that when go becomes equal 

' Expnpt for the fact that the election stream is present in the magnetron, these 
measurements are similar to " cold-impetlance measurements.^^ Since the signal used 
in the measurements falls entirely within the pass band of the analyzer, the deflection 
produced by the signal greatly exceeds that produced by the noise even though the 
signal power is of the same order of magnitude as the noise power generated by the 
magnetron. 
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to —1, the system will break into sustained oscillations, and from then 
on the nonlinearity of the space charge will be the controlling factor.) 
From the impedance measurements one obtains po, the standing-wave 
ratio at resonance, and 



provided |go| < 1, as was always the case in this experiment. Thus 
there is in principle an ambiguity in the sign of go as determined by the 
standing-wave measurements. 



Fiu. 0-2.—Thts 3 tanding-wave ratio at resonance po as a function of the applied voltage. 

The values of po obtained in a series of measurements are plotted 
against V in Fig. 9-2. In plotting the points it has been assumed that 
po does change sign at zero, and the shape of the curve indicates that 
this assumption is justified. Because of the interference caused by the 
noise at higher applied voltages, it was not possible to carry the impedance 
measurements further. The data given in the figure, however, seem to 
justify the interpretation that has been given for the narrowing of the 
noise spectrum near the critical voltage. 

From the foregoing analysis it follows that when the bandwidth of 
the noise is narrowed, part of the observed noise power is generated by 
the noise current and part of it by the negative conductance of the space 
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rharge. To obtain the power generated by the noise current the observed 
powers must be multiplied by 

Gl + Ge _ observed bandwid th 

Gl vJQ^Ij 

The points of Fig. 91 for which the correction is appreciable are indicated 
by open circles connected to the corresponding uncorrected points. 

In another experiment the noise power was measured over a wide 
range of magnetic fields. The results of this experiment are shown in 
Fig. 9-3; the noise powers plotted in this figure have been multiplied by 
the correction factor given above. 



1000 2000 

Magnetic field in gauss 


3000 


Fill, rt-.l.—Noise power as a fuiielion of magnetie field. A Bandwidth, 3 Mf/ser; Q 

Bandwidth, 6 Mn/sen. 


The significance of the order of magnitude of the observed noise can 
be illustrated by computing a noise temperature by means of the formula 

= A-r ^v = 

With the values = 10”^ watt and Ql = 150, a temperature of 
4 X 10*^°C. is obtained, which is numerically equivalent to a mean 
electron energy of 2 X 10^ electron volts. 

Surprisingly large noise powers for the non oscillating magnetron 
were also derived from experiments on the phasing of pulsed magnetrons.^ 
Experiments Were performed on two magnetrons. One of them delivered 
pulse powers of 2 to 25 kw; the other 20 to 150 kw. To obtain a moderate 
degree of coherence between pulses, 0.05 to 1.0 watt of priming poAver 

1 J. E. Evans, R. C. Fletcher, and F. F. Rieke, “R-f Phasing of Pulsed Magne¬ 
trons,'' RL Report No. 1051, Feb. 6, 1946. 
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had to be absorbed by the smaller magnetron; 0.5 to 2.0 watts were 
required in the larger one. A crude theoretical analysis led to the con¬ 
clusion that the noise powers generated in the magnetrons might well 
be larger by at least a factor of 10 than the powers required for phasing. 
Direct measurements of the noise in the smaller magnetron, pulsed just 
below the critical voltage, yielded values of the order of 10 watts. 

9-3- Signal-to-noise Ratio.^ —The work to be described was done in 
connection with the development of a 4000-Mc/sec c-w magnetron 
designed to operate at about 900 volts, with a power output of 20 watts. 
Many of these magnetrons generated excess noise; the noise rose pre¬ 
cipitously at a threshold voltage Van that varied somewhat from tube 
to tube. Usually Van was below or dangerously close to the specified 
operating voltage of the tube. (An electronic tuner built into this 
magnetron determines the magnetic field and therefore the voltage at 
which the tube must be operated.) The primary problem was to elimi¬ 
nate the excess noise or to raise Van well outside the operating range. 
In the course of the attempts to do this, noise measurements were made- 
on many magnetrons that differed from each other in one or more details 
of their construction. 

The measurements of noise were carried out in the following way. 
The output of the magnetron was fed through an attenuator into a 
crystal; by varying the attenuation, the crystal current was adjusted to a 
standard value of 0.5 ma. The high-frequency components of the crystal 
current were fed into a radio receiver, and the output of the second 
detector of the receiver was registered on a microammeter. This system 
functions essentially as follows. The coherent component of the mag¬ 
netron output provides local-oscillator power for the crystal, which 
operates as a mixer. The “signaT^ is made up of those frequency 
components—the noise—in the magnetron output Avhich fall Avithin 
the ranges {vm — vr — 5r) to {vm — vr + 5r) and {vm + vr — dv) to 
{vm + J'jj + 5j^), Avhere vm is the magnetron frequency, vr is the receive]- 
frequency, and 25v is the bandwidth of the receiver. 

In the experiments, vr was usually 1.5 Mc/sec and 2bv was 4 kc/sec. 
In general, the excess noise decreased with larger values of vr and was 
quite small for vr = 30 Mc/sec—as is to be expected, for the loaded Q 
of the magnetron could hardly have been less than 100. Within the 
limits indicated above, the excess noise observed did not depend strongly 
upon the tuning of the receiver. 

Diverse correlations suggested the working hypothesis that the excess 
noise was related to ionization \\fithin the magnetron. Residual gas 
in the tubes, however, does not provide a consistent explanation for the 

* The material for this section has been taken from an RCA report: R. L. Spronll, 
"Noise in Magnetrons," Report No. 29, Navy Contract NXsa 35042. 
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noise; rather, as is shown by observations to be described presently, 
it is barium and strontium from the oxide-coated cathode that are 
involved. One of the observations consisted simply of detecting the 
spectra of Ba and Sr in the interaction space of the magnetron. Follow¬ 
ing this observation, apparatus was constructed especially for the purpose 
of measuring the ionization in the neighborhood of a hot, oxide-coated 
cathode bombarded by electrons. From the results obtained with 
this apparatus it was concluded that the equivalent pressure of Ba and 
Sr near a hot magnetron cathode is of the order of 10“^ mm. 

In other experiments, the relation between noise and residual gas 
was studied. In magnetrons Avith conventional oxide-coated cathodes, 
the introduction of neon had no influence on the noise as long as the 
pressure was less than about 5 X 10"^ mm; at 10“^ mm a glow discharge 
began to set in. Other magnetrons were constructed with tungsten 
spirals for cathodes. In these tubes, varying the pressure of neon 
between 10“^ and 5 X 10“^ mm did influence the noise. (Apparently 
the oxide-coated cathodes provided so many ions that the introduction of 
neon produced little additional elTect.) 

The magnetrons with tungsten cathodes had also been operated 
sealed off; under these conditions the threshold voltage Tao was about 
1000 volts when the heating current through the tungsten spiral was just 
sufficient to permit normal oscillation, but Foo dropped to 700 volts 
when the heating current was increased by 10 per cent. It seems not 
quite certain whether this result is to be attributed entirely to residual 
gas relt'ased as a result of the increased temperature of the cathode (and 
also of the other parts of the magnetron) or some obscure additional 
effect is involved. 

The preponderance of evidence supported the hypothesis that the 
excess noise in magnetrons with oxide cathodes Avas caused by electron 
bombardment of the oxide coating. Consequently a special form of 
cathode Avas devised to minimize the bombardment of the coated sur¬ 
face. The sleeve had longitudinal F^s cut in its surface, so that it 
resembled a long pinion gear; only the sides of the teeth facing in one 
direction Avere coated. Since the electrons that return to the cathode 
have predominantly an azimuthal motion and the direction of the 
motion is determined by that of the magnetic field, it was possible to 
arrange matters so that either the coated or the uncoated sides of the 
teeth were the more heavily bombarded. Magnetrons constructed 
A\dth these cathodes had decidedly better signal-to-noise ratios Avith 
the magnetic field in the ''correct” direction. 

9'4. Origins of Noise. —The observations revieAA ed in the preceding 
section demonstrate quite conclusively that ions in the interaction space 
of an oscillating magnetron can give rise to strong sidebands of noise 
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in the magnetron output. Presumably the noise gets into the output 
of the magnetron as the result of modulation effects, for it is hardly 
conceivable that the motions of the ions contain the frequency compo¬ 
nents present in the noise spectrum. The ions move much more slowly 
than the electrons, and for the electrons the transit times across the gaps 
of the resonators are just small enough to permit the electrons to deliver 
power at the resonance frequency of the magnetron. It seems likely 
that the effect of the ions is to be explained somewhat as follows: The 
ions, by neutralizing space-charge, cause momentary variations in the 
electron current, and thus there results an irregularity or noise modulation 
of the magnetron output. 

The noise generated in the absence of oscillations (described in Sec. 
9-2) might also be termed ''excess noise,'' since, as will be shown pres¬ 
ently, it is orders of magnitude larger than can be accounted for by 
elementary considerations. To what extent this type of noise is influ¬ 
enced by ions is entirely unknown, but to dismiss the results summarily 
as a manifestation of "gas" would appear to beg the question because 
of the difficulty with transit times mentioned above. Modulation effects 
could hardly be invoked, for in this case there is no carrier to be 
modulated. 

One source of noise must be present under all circumstances, namely, 
shot effect, and it may be of interest to calculate an upper limit of the 
noise power to be expected from it. This calculation can be carried 
through quite simply for the nonoscillating magnetron operated at 
magnetic fields below cutoff on the basis of the single-stream solution to 
the space-charge equations (see Chap. 6). This solution has been 
used quite widely as the starting point for theoretical investigations of 
magnetron phenomena. Mathematically, the d-c current to the anode 
is zero under the conditions assumed; in practice the current is relatively 
small. There is, however, a large azimuthal component of current that 
flows across the faces of the resonators, and it seems reasonable to suppose 
that the shot effect arises primarily from this component of the electron 
current. 

Inasmuch as only a rough calculation is to be made, equations for a 
plane magnetron will be used. If the distance between oscillators is s, 
the formula rc/va = {N — 4)/(A^ + 4) yields for the cathode-to-anode 
distance in a plane magnetron the value 4s/7r, and the characteristic 
parameters (see Chap. 10) of the magnetron are 

13 = 
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where vo is the frequency of the 7r-mode, N the number of oscillators, 
and L the length of the anode. (A numerical factor of 1.24 is omitted 
from ^.) The solutions to the space-charge equations are 


for 



where v is the velocity of an electron at the distance y from the cathode 
and p is the charge density. 

The current due to a single electron is computed as follows. With 
an r-f voltage V on the resonant system, the alternating electric field 
has an :r-component given by E^, = (2F/.5)/(y) (cos irx/s) cos 2Trvt 
+ higher components, where f{y) is approximately 1 at the anode 
and falls to zero at the cathode. Since only an upper limit is to be com¬ 
puted for the current, f{y) is taken as equal to 1 throughout. The 
higher components are small and will be neglected; the error thus intro¬ 
duced will be discussed later. The component wave that travels along 
with the electrons has an amplitude E^ = T/s, and an electron traveling 
with the wave (f = 25 j^) does work at the rate cvF/s. Thus the current 
i, induced by a single electron is given by 


le = — = 2ve. 


The (noise current)^/unit frequency interval dil/dv is equal to il summed 
over all electrons with velocities between 2sv and 2s{v -h dv). Thus 


whei'e 



( 1 ) 


Taking the result at its face value, di^/dv should vary as up to Vm 
and then fall suddenly to zero. Had the higher components of the 
electric field been included in the calculation of the noise current, how- 
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ever, there Avould be a weak extension of the spectrum toward higher 
frequencies. The maximum in the noise spectrum at occurs at the 
resonance frequency of the magnetron when the applied voltage is just 
equal to the Hartree voltage V = TJ[2(B/(B) — 1]. Because the tube 
would break into oscillation with so high an applied voltage, the noise 
measurements described in Sec. 9*3 were all made at lower applied volt¬ 
ages. Thus a noise current computed on the basis of Eq. (1) must 
surely represent an upper limit. 

For the magnetron used in the measurements of noise, ^ = 0.3 amp. 
With B = 4(B, Eq. (1) yields the value 

= 1.2 X 10-* (.ainp)^ 

The noise power integrated over the n\sonanre curve of the magnetron 
is given by 



The value of 1% for the magnetron is estimated to be 0.5 mho and leads 
to the numerical value for the noise Pn = 4 X lO"** watt, or 74 db below 
1 w. Since this value is roughly 40 db lower than the noise powers 
observed, it is evident that the observed noise cannot be accounttni 
for on the basis of shot effect in a single-stream space charge. 



PART III 


DESIGN 


This part of the book is devoted to magnetron design. The available 
theoretical and experimental knowledge of the electronics of magnetrons 
and of their resonant systems and magnetic circuits will be used to develop 
procedures by which a tube can be designed to meet specific requirements. 
The general principles that are needed have been discussed in Fart I 
and Part II of the book, and to this will be added a great deal of experi¬ 
mental information gathered at the Radiation Laboratory and from 
industrial laboratories. 

The design of a magnetron must consider four principal components: 
the cathode, the interaction space of the fields and electrons, the resonant 
ystera, and the magnetic circuit. Chapter 10 will discuss the rather 
complex interrelations of these components; it will also analyze in detail 
the problem of designing the interaction space to meet given conditions 
of operation. Subsequent chajiters will consider the resonant system, 
the cathode, and the magnetic circuit. 




CHAPTER 10 


PRINCIPLES OF DESIGN 

By a. M. Clogston 

lO-l- The Primary Design Parameters. —When a need arises for the 
design of a new magnetron to meet operating conditions not fulfilled 
by existing typ(\s, experience has shown that the requirements of the 
situation can be set forth by the specification of certain primary design 
parameters. These parameters express the relationship of the magnetron 
to the other components of the equipment in which it is to be used and 
indicate the requirements set for the tube by the over-all equipment 
specifications. The primary design parameters to be considered are 

1. Frequency. 

2. Pulse-power output. 

3. Voltage. 

4. Efficiency. 

5. Pulse duration and average power input. 

(). Heater power. 

7. Tuning requirements. 

8. Frequency stability. 

9. Weight. 

The emphasis on the various parameters Avill not, of course, be similarly 
distributed in all cases. 

It may happen that the requirements made upon the design will be 
impossible to meet through existing techniques, but the analysis to be 
carried out will indicate the compromises that may best be made to 
arrive at a usable design. 

The outstanding characteristics of any oscillator are its frequency 
and power output. Magnetrons ranging in frequency from 30 to 30,000 
Mc/sec and in power output from 30 to 3,000,000 watts have been 
developed. Generally, from 30 to 1000 watts c-w operation has been 
feasible, while pulsed oscillators capable of delivering from 1 to 3000 kw 
have been developed. The working voltage range covered by existing 
types of magnetrons extends from about 500 to 50,000 volts, indicating 
by comparison with the power range a rather narrow spread of static 
input impedance. 

Magnetrons have been built in which the electrons generate r-f 
power at efficiencies up to 80 per cent. Usually much of this efficiency 
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is sacrificed to gain other ends, and a certain amount is inevitably lost 
in the resonant system. The over-all efficiencies of most existing 
magnetrons fall in the range of 30 to 60 per cent at the nominal operating 
point. 

Magnetrons have been required to operate under a variety of duty 
ratios. Pulse durations from 0.1 to 10 /usec have been used, and a 
number of applications have required continuous-wave operation. 
The corresponding average power outputs have covered a much more 
restricted range than the pulse powers, extending only from 1.5 to 1500 
watts, or from about 3 to 3000 watts average power input. 

Occasionally an upper limit is placed upon the cathode heater-power 
consumption by considerations of equipment weight. Tubes designed 
for airborne service have had a cathode drain as small as 1.5 watts, while 
very high power magnetrons have required as much as 150 to 300 watts 
heater power. 

It is desirable in many applications that a magnetron be tunable 
over a particular band of frequencies. Tunable magnetrons exist that 
achieve, by complex mechanisms, tuning ranges varying from 5 to 40 
per cent. In some cases in order to permit precise frequency settings a 
tuning range of only 1 per cent or less has been obtained by very simple 
methods. Recently several methods of electronically varying the 
frequency of a magnetron have been developed. For the f-m trans¬ 
mission of video data or very precise stabilization of frequency, it is now 
feasible to build magnetrons with an electronic tuning range of several 
megacycles per second. Tubes have been built at 1000, 3000, and 4000 
Mc/sec with a deviation range of about 10 Mc/sec. For electronic 
tuning, the ratio of megacycles per second of tuning to volt of signal is of 
considerable design importance, as is also the required bandwidth. 

Magnetron tuning is closely allied with the problem of frequency 
stabilization. In a number of applications it is necessary that the 
frequency of a tube over a wide range of operating conditions remain 
within very narrow limits, set perhaps by the pass band of a receiver. 
This must be accomplished without constant manual attention, and the 
fluctuations are indeed often too rapid to be compensated by mechanical 
means. An example of such stringent conditions is given by the 2.132, 
a magnetron used in 10-cm beacons. This tube must not vary from its 
center frequency by more than ± ^ Mc/sec as its temperature varies 
± 10°C, its plate current varies from 8 to 12 amp, and its load varies 
over all phases with an SWVR equal to 2.0. The problem has been met 
by the development of a technique of tightly coupling high-Q resonant 
cavities to the magnetron, achieving thereby stabilizing factors up 
to 10. 

Because a magnetron requires a strong magnetic field for its operation, 
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the combined weight of tube and magnet is considerably greater than 
that of the more conventional electron tube. The weight of the magnet 
required is therefore a factor of considerable importance in design. 
Very severe requirements have had to be met in tubes planned for use 
in airborne equipment or in sets designed for extreme ease of transporta¬ 
tion. Magnets have ranged in weight from several ounces to 100 lb. 

10-2. The Method of Magnetron Design. —There is one very simple 
approach to magnetron design. In the past a great variety of tubes 
has been constructed, and their performance examined. If one of these 
tubes comes close to meeting the requirements of the situation, small 
variations may be made in its design with good hope of success in meeting 
the new conditions. The relations among the C[)mponents of a magnetron 
are so complex, however, that it may not always be possible to arrive 
easily at a new design simply by variation of an existing type. A more 
analytical approach is necessary to formulate a procedure that is applicable 
in all cases and to bring out most clearly the processes involved. 

The four parts of a magnetron are so interdependent that no one 
of them can be designed independently of the rest. Each component is 
affected not only by the primary parameters but also by the design of 
the other three parts. It is necessary, therefore, to arrive at a solution 
to the design problem in which each part of the tube, besides meeting 
the requirements set by the primary design parameters, is consistent 
with the design adopted for the other components. The most convenient 
Avay to do this is to settle upon a trial design of the interaction space. 
A complete set of specifications is thereby established for the other 
components, and it is a straightforward matter to decide whether or 
not each component can be designed to meet these conditions. 

Figure 101 is a block diagram setting forth an analysis of magnetron 
design conceived in the above manner. At the left are the 10 primary 
dt^sign parameters discussed in the prfivious section; the four tube compo¬ 
nents are shown in heavy outline. 

As indicated in this figure, the design of the interaction space depends 
directly upon the required current, voltage, and wavelength. These 
quantities alone, however, are insufficient to determine the size and 
shape of the interaction space and its state of oscillation. It will be 
seen in Sec. 10-8 that, in addition, it is necessary to specify three quanti¬ 
ties, Nj O', and ijl, called the ‘‘shape factors,” and three other quantities, 
b, z, and g, which constitute what will be called the “relative operating 
point.” The shape factors determine the cross-sectional shape of the 
interaction space but not its size, while the relative operating point can 
be considered as determining the nature of the electronic orbits. 

The choice of the shape factors and the relative operating point 
determine the trial design of the interaction space mentioned above. 




Analysis of magnetron design. 
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In principle, this choice can be made without previous information and, 
if proper, will lead to a consistent solution of the design problem, if 
such exists. If the choice is inept, on the other hand, it can be discarded 
and replaced by a more suitable one. In practice, experience Avith 
other tubes should reduce the choice of N, cr, and y, and 5, i, and g to 
well-defined limits. The data that have been gathered in Chap. 19 
summarize a considerable amount of previous experience that may be 
found useful. 

In Sec. 10-8 it will be shown that the determination of the interaction 
space leads to the specification of 10 quantities which will be called the 
''secondary design parameters.^' These include four dimensions—the 
anode radius the cathode radius rc, the anode height h, the slot width w, 
and the number of oscillators N —and five operating constants including 
the electronic efficiency ije, the change of electronic susceptance Avith 
current dB^/dl, the slot conductance Gl arising from internal losses 
and external loading, the cathode-cijtrrent density Jc, and the magnetic 
field B, 

By referring to Fig. lOT, it is seen that a number of conditions are 
placed in this A\'ay upon the design of the resonant system, the cathode, 
and the magnetic circuit. These conditions are indicated by arroAvs 
leading from the various design parameters to the appropriate compo¬ 
nents. In order to proceed Avith the problem, it must be decided Avhether 
or not each part of the tube can be designed to meet the conditions 
imposed upon it. If this is possible, the choice of interaction space has 
been a good one, and a satisfactory solution can be achieved. If, on 
the other hand, it is imjiossiljle to arrive at a design for a particular 
cmnponent, or if the design Avould be A^ery extreme or inconvenient, 
it becomes necessary to make a new choice for the interaction space or 
to make a compromise with the primary design parameters. It is 
necessary to rely in each case upon the particular circumstances to 
indicate the proper direction to take. 

In arriAung at the design of the interaction space, theory and the 
available data are not ahvays competent to specify closely the magnetic 
field B and the electronic efficiency 17^, and very little data are aA^ailable 
for determining the quantity dBe/dl. The tentatwe solution, hoAAcver, 
specifies the dimensions required to build trial magnetrons if necessary 
and to measure the questionable quantities. Other factors not considered 
in this analysis, such as noise level, can be similarly determined. 

In the design of each component of the magnetron, there must 
constantly be considered whether or not an unduly difficult mechanical 
problem is presented. A design may often be unfeasible because it 
requires impossibly small parts or unreasonably close machining 
tolerances. 
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10'3. Conditions Imposed on the Resonant System. —The analysis of 
the preceding section yields a set of 11 conditions upon which the resonant 
system is simultaneously dependent, namely, 

1. Tuning range. 

2. Frequency stability. 

3. Number of oscillators N, 

4. Anode radius /■„, 

5. Anode height /i. 

6. Slot width w. 

7. Wavelength X. 

8. Circuit efficiency t/c- 

9. Slot conductance Gl. 

10. Average power input. 

11. The change of electronic susceptance with current, dB^/dl. 

In addition, the resonant system must extend to the electrons a reasonably 
pure TT-mode under all conditions of tuning, stabilization, and loading. 



FiU. 10-2.—Analysis of resoiiant-cirnuit dpsign. 


In this section, the relation of these conditions to the design of the 
resonant system will be considered. 

There are essentially three independent components of the resonant 
system: the anode block proper, the stabilization circuit, and the load. 
The anode block is characterized by its characteristic admittance Yc 
and a conductance Gu presented at the slots by its internal losses. The 
effect of the stabilizer is expressed through the stabilization factor aS, 
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and the load - through a conductance Ge^ also presented at the slots. 
The interrelations of these four quantities and the 11 conditions listed 
above are set forth in Fig. 10-2. 

The quantities /?, and w determine 

that ijortion of the anode shown in Fig. 10-3. 

The rest of the structure must be constructed so 
that the proper wavelength and mode separation 
is obtained and the desired average power can be 
dissipated without an excessive temperature 
gradient. A variety of structures may be possi¬ 
ble, each with a characteristic Gu and Y^. If 
one of these is chosen, a number of conditions 
are placcal upon Ge and S. 

The slot conductance Gj, and the circuit efficiency rjc are related to 
Gu and Ge by the expressions 

G, = Ge + Gu, ( 1 ) 

Ge 



/ 

I'lci. 10'3.—Aiioile interar- 
tirm-spai'D inleifafp. 


"nc = 


Ge + Gu 


( 2 ) 


The shift of wavelength AX Avith a change in current A7, a change of 
tt'mperature AT, and a change of normalized load reactance Ab = AB/Fp 
are given approximately by 



AX = I Xa AT, 


A/, 


(3) 

( 4 ) 


and 


.. Ge X , 

“ SF; 2 


( 5 ) 


where a is the linear thermal expansion coefficient and it is assumed 
that the stabilizer is unaffected by changes in temperature. These 
relations will be established in Chap. IG. 

The change in Avavelength of the tube with a small change in the 
parameters of the resonant circuit can be taken as roughly representative 
of the available tuning range. For a change AC in the capacitance of 
the anode block one has 

AX = (ttc) AC. (6) 


A change AL in the inductance of the anode block causes a shift 
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and a change AX, in the wavelength of the stabilizer gives 

AX = AX.. (8) 

Equations (1) and (2) impose two conditions on Ge'. 

Ge = Gl — Guj (9) 

and 

Ge Gu — - -> (1^1) 

i — Vc 

where the inequality sign is inserted because there can certainly be no 
objection to a circuit efficiency greater than the required value of t/c- 
The anode block must be designed so that Eqs. (9) and (10) are simul¬ 
taneously satisfied. 

If the bracket ( )m means in each case the maximum tolerable 
ratio allowed by the primary design conditions of frequency stability 
and tuning range, one obtains from Eqs. (3) to (8) and Eq. (1) the follow¬ 
ing relations which set upper and lower limits to the stabilization that 
must be incoi'poratcd into the design: 


\a/a„ 

(11) 

s > —^ 

/ AX\ 

1 atJ 

\ / w 

(12) 

^ X (7a. — G(/ 

^ /ax\ Vc ’ 

(13) 

2(-^) 

\A()/,„ 


/axA 

s > 

(14) 

/ AX.\ 

\A\/n, 



(15) 


(16) 


One of the Eqs. (11) to (13) will set a lower limit to S. If tuning of the 
resonators is employed, Eq. (15) or (10) will set an upper limit to S. 
Tuning by means of the stabilizer, on the other hand, will set a lower 
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limit to S according to Eq. (M). In order to have a possible design, 
these various limits must not overlap. 

Equations (9) through (16) depend on three primary design param¬ 
eters: the wavelength; the frequency stability expressed by (AX/A7')„i, 



in arbitrary units 

Fiti. 10-4.—Electronic efficiency as a function of slot conductance. 



(AX/A/)^„, and (AX/A?;);„; and the tuning range entering through (AL/AX)m, 
(ACVAX)„., or (AXa/AX)^. In addition, three secondary design parameters 
{dBr/dl)^ Gl, and tjc are involved, as are also the quantities Gu and Yc- 
If the various conditions (9) to ^ 

(16) set for Ge and S are incon¬ 
sistent, changes must be made in 
Gu and Yc (that is, the anode 
block), in the secondary design 
parameters (that is, the interac¬ 
tion space), or in the primary 
design parameters. I^his situa¬ 
tion is expressed most clearly by 
Fig. 10-2. 

Equations (1), (2), (11), and 
(13) form a basis for discussing 
the relations between the over-all 
efficiency of operation rj and the 
conditions of frequency stability. 

As has been discussed in (^hap. 7, 
the electronic efficiency tjc of a 
magnetron is a function of slot 
conductance Gl of the form shown 
in Fig. 10-4. Also, it will be seen 
in Chap. 11 that for a group of 
similar anode blocks the internal 
losses Gu increase with increasing Yc as indicated in Fig. 10-5. Suppose 
it is desired to keep the stabilization against changes in load required by 
Eq. (13) constant. In that case it is necessary that 



0 p 1 2 

Yc in arbitrary units 

Fig. 10-5.—ConductanriB and efficiency as 
function of Fc. 
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(17) 


where k is some constant. Using Uri- (17), there is obtained from 
Eqs. (1) and (2) 

Gl = kY c + Gu (18) 


and 


kYr. 

~ + (hj 


(19) 


Equations (18j and (lU) allow tho curves for Gl and ijr to be drawn 
in Fig. 10-5. Furthermore, with tj. known as a function of Gl and Gl 



0 2 4 Cj 6 B 10 


m arbitrary units 

Fiu. 10-6.— {d.BeJdI) as a function of Gl~ 


as a function of Fr, a plot of rje against F, can be made in Fig. 10-5. 
Then using the relation rj = rjcrfc. the total efficiency can also be plotted 
against Yr. It is observed that t] must obtain a maximum value at some 
point P to the left of the point at which tj,. obtains its maximum value. A 

magnetron that has been inad¬ 
vertently designed with Y, not at 
P can be redesigned for a higher 
efficiency without sacrifice of sta¬ 
bility against changes in load by 
changing the F, of the resonant 
system. 

When other operating condi¬ 
tions are held constant, the rate 
of change of electronic susceptance 
with current dB,JdI is a function 
of total slot conductance as illus¬ 
trated in Fig. 10-6. It obtains a minimum value at some value of 
conductance Gi. PVom Eq. (3), it is observed that the shift of wave¬ 
length with current, at constant *5, is proportional to l/YcidB^/dl). 
Maintaining the stability against changes in load constant as before, 
dBJdl and XjYJ^dB^/dT) can be plotted as functions of F^ in Fig. 10-7. 
At some point P\ XjYc{dBJdT) will have a minimum value. In general, 
P' will not be coincident with P in Fig. 10-5. 



Filj. H)-7.— {dBJdI) and l/YddB./dl) as 
fuiKitions of Yr. 
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The following situation, then, exists in the choice of Fc. By always 
maintaining the stability against load constant, a maximum value of 
77 is obtained at one value of Yc and a minimum value of \/Yc{dBe/dI) 
at another point. Frequency stability against changes in current can 
therefore be achieved at the expense of efficiency. 

10'4. Conditions Imposed on the Cathode. —In Sec. 10-2 it was 
pointed out that the cathode design is subject to the following eight 
conditions: 

1 . Anode height li. 

2 . Anode radius Va- 

3. Cathode radius 

4. Plate voltage V. 

5. Cathode-current density J,. 

6 . Average poAver iiiput. 

7. Heater poAver. 

8 . Pulse duration. 

The cathode that is to meet these conditions performs two important 
functions in the magnetron. It must supply the stipulated cathode- 
current density under conditions of complete or very nearly complete 
space-charge limitation, and it must dissipate the energy of the back- 
bombarding electrons Avithout harm to itself. 

The design of the cathode structure may at present draAV upon experi¬ 
ence Avith three types of electron emitters: (1) loAv-tcrnperature oxide 
cathotles; (2) high-temperature cathodes such as thoriated tungsten, 
tantulum, or thorium oxide; and ( 3 ) cold cathodes that operate by 
secondary emission, such as beryllium or silver-magnesium alloy. The 
I^roperties of these cathodes are so disparate that each finds its par¬ 
ticular field of usefulness. 

A second property of the cathode at the disjiosal of the design is the 
supporting structure. It is necessary to distinguish tAvo methods of 
support because of the very different effect that they have on the magnetic 
circuit. The end-mounted cathode is accompanied by built-in, hollow 
pole pieces and, in practice, attached magnets; the radial-mounted 
cathode requires a wider magnetic gap and is usually accompanied by an 
external magnet. This interdependence is indicated in Fig. lOT . 

The back-bombardment power on the cathode of a magnetron is not 
far from a fixed percentage of the average input poAver in all cases and is 
determined, therefore, by Condition 6. For handling very large back- 
bombardment powers, water-cooled secondary-emission cathodes have 
been used successfully; but because of several disadvantages, these 
cathodes have not yet seen extensive application. 

With heated cathodes, there is an intimate relation between the 
back-bombardment power and the heater power. Suppose that the 
bombardment power is Pb and the heater power is Ph. Furthermore, 
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to simplify the argument, suppose that the distribution of heater power 
is thermally equivalent to the distribution of Pn- Suppose that it is 
considered permissible to initiate operation of the tube Avith a cathode 
temperature Ti and to operate Avith a temperature > Ti. The power 
dissipated in the cathode to maintain the temperature Ti A\'ill be Ph, 
while a higher power fiPn will be required to maintain a temperature T^- 
Finally, suppose that the heater power can be reduced to an amount 
xPH during operation. During operation, the heat balance of the 
cathode will therefore be expressed by 

Pb + xPh = ^Ph. ( 20 ) 

Solving Eq. (20) for Ph then gives 


Ph 


Pb 

(ifl - x) 


( 21 ) 


In Fig. 10-8 Ph is plotted as a function of x fur jS = 1.4 and jS = 1.0. 

A large Pb requires Ph to be large 
also, and a great reduction is brought 
about in Pn by tolerating a certain 
range in cathode temperaturti. Fur¬ 
thermore, arranging to reduce the 
heater poAver in operation alloAvs a 
still further decrease in these ipianti- 
ties. A requirement for very low 
heater power can be met in a design 
that calls for small average poAver 
input (low P/,), tolerates Avide tem¬ 
perature limits, and permits reduc¬ 
tion of the heater power in operation. 

In general, the high-temperature 
cathodes can dissipate more power 
Fraction x of standby heater power than the low^-temperature ones, and 
used during operation it is usually easier to design an end- 

Im. 10 -8.— P/f as a function of x for mounted cathode for large dissipa- 
two values of p. . ” ^ 

tion than a radial-mounted one. 1 he 
length and diameter are important factors in settling on the proper 
cathode and supporting structure. 

A magnetron normally operates under conditions of space-charge 
limitation at the cathode. This situation results in the familiar, nearly 
linear contours of constant magnetic field in the (F,/)-plane. If the 
total emission of the cathode is insufficient to maintain space-charge 
limitation beyond a certain current, a potential gradient appears at the 
cathode, and the magnetic-field line deviates from its normal position 
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toward higher voltage. This shift of the (F,/)-characteristic results 
in an increased tendency to mode-skip in pulsed magnetrons (see Chap. 8) 
and is sometimes accompanied by a poor spectrum. Continuous-wave 
magnetrons will tolerate a somewhat larger deviation from space-charge 
limitation but Avill cease oscillating if the deviation becomes great enough. 

To maintain normal operation, Condition 5 requires that the cathode 
be capable of furnishing a space-charge-limited current density at least 
equal to Jc- In the operating magnetron, because of the back-bombard¬ 
ment electrons, Jc niay be composed partially of primary electrons and 
partially of secondary electrons, and only a portion Jp of the required 
current density need be primary emission. The secondary emission 
ciiiTeiit, at a given operating point, depends upon the nature and state 
of the cathode, its temperature, and the distribution of energy in number 
of the returning electrons. If these factors are all knoAvn, Jp can be 
calculated and constitutes a requirement on the cathode. Actually, 
very little information is available on the energy distribution of back- 
l)ombardment electrons because of the difficulty in making the necessary 
measurements. 

For oxide cathodes, therefore, it is usually impossible to specify 
Jp. Instead, the practice has been to see that Jr does not exceed a 
limit Jm st't by cathode sparking. Because of the high secondary 
emission of the oxide cathodes under the conditions present in most 
magnetrons during oscillation, Jp is usTially a small fraction of,/,.. More¬ 
over, the primary emission normally to be expected from such a cathode 
is a larger fraction of and it is therefore sufficient for sj)ace-charge- 
limited operation. On the other hand, if the secondary emission ratio 
is about unity, the primary current density must be nearly equal to 
Such a case obtains with the high-temperature metallic emitters such as 
thoriated tungsten or tantalum and Avith very Ioav voltage magne¬ 
trons in Avhich the returning electrons have Ioav energies. 

A limit Jm exists to the total current density, both primary and 
secondary, that can be furnished by the low-temperature oxide cathodes 
without sparking. This limit depends considerably on the structure 
of the emitting material and increases as the pulse duration decreases. 
The current density Jc required by Condition 5 must therefore be con¬ 
sidered for consistency Avith the pulse duration set by Condition 8. 
No corresponding limits arc usually encountered Avith the high-temi^era- 
ture metallic emitters. 

The distance between the anode and the cathode set by Conditions 
2 and 3 is of some importance. The potential gradient that appears 
at the cathode surface upon failure of space-charge limitation is roughly 
inversely proportional to this distance, and a smaller separation may 
therefore lead to increased sparking. 
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10-B. Conditions Imposed on the Magnetic Circuit. —The function of 
the magnetic circuit is to produce a fairly uniform magnetic field of the 
desired value over the extent of the interaction space, and this must be 
done within the specified limits of magnet weight. There are therefore 
five conditions set for the magnetic circuit: 

1 . Anode height h. 

2 . Anode radius 

3. Cathode radius Tc. 

4. Magnetic field B. 

5. Magnet weight. 

The magnet weight is essentially proportional to the square of the 
field strength, to the distance between the magnet poles, and to the area 
of the uniform field. The distance between ijoles is determined l)y h and 
by the decision to end-mount or radial-mount the cathode. In principle, 
the area of the magnetic field need be only the cross-sectional area of 
the interaction space, but it may be impossible in practice to confine it 
to this region. 

Magnetic material is occasionally included in a magnetron cathode 
to decrease the effective pole separation, improve the shape of the field, 
or produce a focusing field at the ends of the interaction space. A further 
interdependence of the cathode design and the magnetic cirtaiit is intro¬ 
duced if this is done. 

10-6. The Scaling Laws. —It has been seen in Chap. 7 that the opera¬ 
tion of a magnetron is determined by the external magnetic field /?, the 
plate current /, and the r-f impedance presented by the load to the out¬ 
put ciiaiuit of the tube, Z{\). In this case, the plate voltage F, the 
operating wavelength A, and the power output P are determined. In 
order to eliminate direct consideration of the resonant system, the speci¬ 
fication of ZQC) may be replaced by a description of the anode-block 
interaction-space interface and the specification of Gr(X) and the 

conductance and susceptance respectively for each resonator opening. 
In the following considerations Cr(X) and 7Ir(X) will be taken as identical 
for each resonator opening, and the values of Gr will be taken as inde¬ 
pendent of X. In this case the operation of the tube may be specified by 
the magnetic field B^ the plate current 7, the total slot conductance Gl, 
and the wavelength X; V and P are thereby determined. Such a specifi¬ 
cation is possible for magnetrons with resonant systems made up of 
equivalent resonators. For rising-sun magnetrons, /ir(X) has a differ¬ 
ent value for alternate resonators, but this fact may be ignored except in 
the vicinity of the critical field (see Chap. 3). 

One further piece of information is needed before the operation of 
any magnetron is completely specified, namely, the boundary conditions 
satisfied by the electric fields at the cathode. Normally all cathodes 
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impose the boundary conditions that the field be zero at the surface, 
and the question can be ignored. A cathode with an unduly heavy 
current drain, however, may present a different boundary condition to 
the fields with a correspondingly altered behavior of the magnetron. 

It has been shown in Chap. 6 that provided the interaction space is 
such that (X/27rra) may be considered a small quantity and provided 
that the interaction of the electrons and the r-f magnetic field may be 
neglected, the basic equations of a magnetron may be expressed in terms 
of a set of dimensionless variables 


K.») (-).'-■ 

(22(1) 


[221,) 


(22f0 

r, 

— ) 

Ta 

{22d) 

an d 


(t)'- 

(22p) 

Consequently, on the basis of the various assumptions 
made, it follows that the specification of the quantities 

that have been 


(23a) 

27r \7nJ \2TrcJ r-er,/? ’ 

(236) 

and 


Aw \27rc/ €[)h 

(23e) 

determine the additional quantities 



(24a) 

and 


icyvAY 

7 r\7.i/ \27rfy 

(246) 


for a group of magnetrons with geometrically similar interaction-space 
cross sections, possessing resonant systems made up of equivalent 
resonators and Avith cathodes imposing a zero-value boundar^'^ condition 



416 


PRINCIPLES OF DESIGN 


[Sec. 10-6 


on the electric fields. A group of magnetrons answering this description 
is said to form a “family" of magnetrons. 

Henceforth the dimensionless variables corresponding to Bj F, I, 
Glj and P will be called “reduced variables" and will be designated by 
hj e, 1 , and p, the corresponding quantities being related by the 
expressions 

h = (25a) 


^ 03 ' 




V, g, and (9 are characteristic scale factors for a given magnetron 
and will be termed the “characteristic" magnetic field, voltage, current, 
conductance, and power. They are given by the expressions 

1 _ 21,200 .. 


_^/m\/2irc\ 1 _ 21,200 

27rai /m\/2Trc\’^ 

_ 8 440ct i (L 


gauss, (26fi) 


volts, 


(P = ^V. (26r) 

These characteristic scale factors vere brought to their present form 
by J. C. Slater^ who introduced the expression for The quantity ttj 
is a function of ra/vr and is shown in Fig. 10-9 taken from Slater's report. 
It is seen that 6, v, g, and p are identical wdth the dimensionless variables 
given in Eqs. (23) and (24) except for factors involving the mode number 

1 J. C. Slater, “Theory of Magnetron Operation,” RL Report No. 200, Mar 8, 
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n and the anode-cathode ratio tr = rc/r^. For magnetrons with geo¬ 
metrically similar interaction spaces these factors are constant and have 
no effect on the situation. They are included in the expressions for 
by Vj iy g, and p to facilitate a comparison made later of magnetrons Avith 
different values of n and Vc/ra. 

For the purposes of this chapter, 
n will always be equal to N/2y 
where N is the number of oscillat¬ 
ing segments of the magnetron. 

The performance charts for 
any magnetron, presented in re¬ 
duced variables, express the 
behavior of a whole family of 
magnetrons. To predict the be¬ 
havior of a new member of the 
family, it is necessary merely to 
calculate the characteristic magnetic field, voltage, current, poAver, and 
conductance of this neAV member. Performance charts for the new tube 
can then be draAvn up using the relations 


B = l)CB, 

(27a) 

V = uXi, 

(276) 

I = in, 

(27c) 

G = gS, 

(27d) 

II 

fin 

(27 e) 


This process has come to be knoAAUi as the ‘^scaling^^ of one magnetron 
to another. It is obvious that for scaling one must always use the poAver 
generated by the electrons, correcting for the power lost in the resonant 
system. 

To specify the family of magnetrons represented by a reduced 
performance chart, it is necessary to indicate the shape of the interaction 
space. Referring to Fig. 10-10, it is seen that the shape of the interaction 
space can be specified by the number of oscillators and by the ratios 
(T = Tc/Va and p = w/d. A reduced performance chart should therefore 
be accompanied by values of Ny cry and /x- The load for Avhich the data 
Avere taken should moreover be indicated by a value of g = G/g. 

The accuracy AAuth which a reduced performance chart of an actual 
magnetron represents the ideal behavior of a family of magnetrons is 
limited by several factors discussed beloAv. 

The equations that are used to characterize the magnetron represent 
by a potential function the field presented to a single electron by all the 
other electrons. This procedure does not consider the small effects due 



ra/r. 

Fig. 10-9.—tti aw ti functir)!! of 
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to n^ar electron encounters which produce noise fluctuations of the space- 
charge cloud. The noise currents generated will not scale precisely like 
the normal currents. Wherever the noise currents can be important, 
as, for instance, in the low d-c current region, the reduced performance 
chart will cease to be representative. 

End-space effects are of considerable importance in actual magnetrons. 
Direct currents flow at the ends of a tube by leakage from the interaction 
space and by emission from the end shields. These currents considerably 
9 I I affect the behavior of some mag¬ 

netrons in the low-current region 
and naturally do not scale from 
tube to tube. The low-current 
behavior may also be affected by 
spurious oscillations in the end 
spaces of a tube. In some cases, 
the r-f fields are not uniform along 
the length of the anode, and the be¬ 
havior of the magnetron is affec.ted 
in a way difficult to assess. A 
magnetron with small mod(^ separa¬ 
tion may have irregular r-f patterns 
that cause its operating cliaracter- 
Tii;. 10-10. Crosis soitioii uf iiiteraition istlcs to depart Widely from the 

ideal behavior of its family. In 
particular, the electronic efficiency is likely to be lower than normal. 
These sources of inaccuracy will be systemalic in a number of identical 
samples of a magnetron design. 

In addition, data taken on a particular tube may be nonrepresentative 
for some further reasons. Normally a magnetron operates space-charge 
limited. As already mentioned, under conditions of heavy cathode 
drain, space-charge limitation may fail, and the boundary conditions on 
the electric fields at the cathode become dependent on the nature and 
state of the emitting surface. The operation of a magnetron under such 
conditions cannot accurately represent the space-charge-limited behavior 
of other members of its family. Data taken near the extremes of opera¬ 
tion of a tube are likely to be inaccurate and may be less reliable for some 
samples than for others. Sparking and misfiring of a magnetron are 
greatest in these regions and affect the average values of power and 
current. This effect tends to close the efficiency contours about the 
region of operation. Finally, a particular tube may be poorly con¬ 
structed. The anode, for example, may be irregular in shape, causing a 
reduction in electronic efficiency, or a cathode may be off-center with a 
resultant decrease in efficiency and a reduction of d-c voltage. The 
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nonsystematic errors of this sort may be largely eliminated by averaging 
data over a number of tubes or by using data taken on a tube of known 
average behavior. The latter method is often to be preferred for realizing 
self-consistency of the information. 

10-7. Reduced Operating Data on Various Types of Magnetrons.— 
For design purposes, the data that one would like to have on a particular 



i 


Kiir. 101 Irr. lliMliireil ijerfniTiiaii CL* I’liarl rif ZPOTO A ^ l;cr = O.l.'i;// = 0 . 35 ;^ = 0 . 28 . 



Fio. 10-1 lb. —Load rurve of ZPG70 for b = 5.5 and i = 2.H. 
Fiii. 10-1 Ic. — Crosb ftpi-tion of interaction spooe of ZPG71). 


‘magnetron of interest are a set of Avide-range performance charts taken 
at a variety of loads. Usually, however, there arc available only a 
performance chart taken at one load and a llieke diagram presenting, 
as a function of load, the operation at a particular magnetic field and 
current. The Rieke diagram can substitute in some measure for having 
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several performance charts if it is assumed that a magnetron^s perform¬ 
ance varies fairly uniformly with load over its range of operation. 
Very often, the diagram contains data only on power and frequency, 
omitting information about voltage. In other cases there is available 
only a performance chart. 

7 


6 


5 

V 


4 


3 


2 


10 1.5 2.0 2.5 3.0 

X 

RoduiJcd pnifiirmance chart of 2J32. N = 8; ir = 0.38; n = 0.37; g = 0.51. 

10.0 


B.0 


6.0 

V 

4.0 


2.0 


0.0 

0 0.2 0.4 0.6 O.B 1.0 

9 

liu. 10-125. —Load curves of 2J32 for various values of h and i. For A, b = 3.6, i = 2.1; 
B, b = 2.4, i = 2.2; C, h = 2.4, i = 1.4; D, h = 2.0, i = 1.0. 

Accordingly, the data set forth in this chapter for a variety of 
magnetrons will be presented by a reduced performance chart at fixed 
g and, if the information is available, by a reduced load curve showing 
p as a function of r/, for a particular value of h and of i. 

When the dimensions of a magnetron are known, it is easy to calculate 
flJ, T), and (P from ICqs. (26) and to construct a reduced performance 



0.5 

Fiq. 10-12a.-— 
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chart from measured data. The measured power output of the mag¬ 
netron, however, must be corrected for the circuit efficiency of the 
resonant system and output circuit. The losses in the output circuit 
usually represent only a 2 to 3 per cent correction to the poAver lost in 



i'lti. 10-13a. — ReduCBd performancD nhart of 2J39. W = 8; cr = 0.38; fi = 0.52; g = 0.17. 



9 

Fig. 10-13?).—Load curve for 2J39 for h = 2.4 and x = 2.0. 

the resonant system and have been neglected in ivhat follows, because 
the data for making this correction are not generally available. In this 
approximation, one can write for the circuit efficiency 

(XL WU 


Vc = 


(28) 
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where Qe and Qu are derived from impedance measurements on the 
nonoscillating tube. The quantity ckl is the ratio between the con¬ 
ductance presented to the tube by the load and the characteristic admit¬ 
tance of the line. The conductance Gl at the slots can be calculated if 



0 = 0.22. 



0 0.1 0.2 0.3 0.4 

9 

Via. —Load curve for HPIOV for = 2.44 and i = 0.70. 

the characteristic admittance Yc of the resonant system is known. 
In that case, 



Unfortunately, Fc, can at present be measured only with great difficulty, 
and only approximate methods exist for its calculation. This difficulty 
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introduces a considerable degree of uncertainty into the general design 
procedure, in the sense that the value of Gl for which a certain per¬ 
formance is to be expected may not be accurately predicted. In the 
data presented below, the best available methods have been used to 
calculate Yc] if better methods are found, a recalculation can be made 
from the information given in Chap. 20. 



Fiii. 10-I5a. —Reduced nliart of 4J33. N = 12; ir = 0,59;/x = 0.33; j; = 0.4(i. 



Figures 10-11 to 10 26 contain the data used in this chapter. The 
factors employed in reducing the performance charts and load curves 
from the original data are listed in Tables lOT and 10-2. Some particular 
points in connection with the charts should be discussed. 

The charts of Fig. lOTl are for the ZP676, sometimes known as the 
“neutrode.” A sketch of tlie anode cross section is shown in Fig. lOTlc. 
Technically, these charts can be used only in scaling to similar cross 
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sections. The assumption has been that the tube operates as though 
the missing gap were present, but it should not be considered an accurate 
representative of a family of magnetrons with = 4. The data were 
taken on a single tube not known to be an average sample. 




3 

I'lu. 10-in?j.— Ltmtl curve »f 4.J39 for h = 4.0 ancli — 1.0. 

The data plotted fur the 2J32 in Fig. 10T2 are the mo.st complete 
known to have been taken on a single tube. The tube was an average 
sample, and the data Avere very carefully compiled. 

The performance chart of Fig. 1013 is plotted from data on a single 
average 2J39 and covers a Avider range of reduced variables than any 
of the other charts. The load curv^e represents average data for the 
2J39 tubes. 

The performance chart and load curve of Fig. 10T4 are derived from 
average data on production HPIOV magnetrons. This tube is knoAvn 
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to have an irregular Q-eurve and an anode block long enough that varia¬ 
tions of r-f voltage and magnetic field along its length are appreciable. 
The data may therefore not be representative of this family of 10-oscil- 
lator magnetrons. 



Fiii. 10-17ii.—Reduncd ptM'formanpp chart of 725A. N — 12; tr = 0.50; fi = 0.43; g = 0.51. 

[Beil Tdf'phone Labor at orirf<.) 



9 

10-17^.—Load curve of 725A for b = 3.7 and l =1.1. [Courtesy of Raytheon aiid Bell 
Telephone Laboratories.') 


The performance chart and load curve shown in Fig. 10-15 are average 
data for production 4J33 magnetrons. 

The performance chart and load curve of Fig. 10T6 are average data 
for production 4J39 magnetrons. 
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The performance chart (Fig. 10-17) is plotted from data on an average 
Western Electric 725A. Load curves are given for the Raytheon 725A 
and the Western Electric 725A, each curve being an average of data on 
three normal tubes. Because of their different oscillator construction, 
the tubes have very different characteristic admittances and operate at 
different load points. The agreement between the two curves is satis- 



Fib. 10-18a.— RoducBd pcrforiTiHiirR nhart of LCW. N = 10; tr = O.Ol ; 0.44; g = 0.70. 



d 

Fig. lO-lSb.—Load curvo of LCW for h = 4.0 and i = 0.60; 

factory. The slightly higher curve of the Raytheon tube may be due to 
less electron leakage or to an error in one of the values of Yr. 

Figure 10-18 shows data for a single LCW magnetron not known to be 
an average sample. 

The data of Fig. 10-19 were obtained on a single average 4.150 
magnetron. 

Figure 10-20 was plotted from data on a single average QK61 
magnetron. 
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The performance chart of Fig. 10-21 was taken on a single AX9 
magnetron not knowm to be an average tube. The performance chart 
shows the efficiency valley that is characteristic of the rising-sun resonant 
system. This region of anomalously low efficiency is not representative 



i 

Fiu. 1019fi. —Ruduced porformancB chart of 4J50. N — = O.GO;/i = 0.53;^/ = 0.26. 



9 

Fig. 10-196.—Load curve of 4J50 for b = 4.1 and i = 1.0. 

of this family of magnetrons but is caused by the zero-component content 
of the TT-mode which occurs in the rising-sun type of magnetron (see 
Chap. 3). 

The data of Fig. 10-22 were obtained on a single average 3J31 
magnetron. 

The performance chart and load curve given in Fig. 10-23 were 
derived from a single BM50 magnetron which was chosen from several 
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samples because its data appeared most normal. For this reason it 
cannot be considered very reliable. 

The performance chart and load curve of Fig. 10-24 were obtained 
on a single SCWC magnetron not known to be an average sample. 



Fill. U)-20a. —Reiiiiryiil pprforinaiiUB chart of QKOl. N = 16; rr = 0.00; /i = 0.48; 

g = 0.32. (ItaythRon.) 



U 

Fiq. 10'20&.—^Load curve of QK61 for & = 4.1 and i = 0.35. 


The performance charts shown in Figs. 10-25 and 10-26 were obtained 
on single samples of RDll-2 and GK13-1 magnetrons that are not known 
to be average tubes. These tubes are closed-end rising-sun magnetrons 
and have a sinusoidal variation of r-f voltage along the anode. Conse¬ 
quently, neither is really representative of its family, and the data are 
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Fiq. 10-22?>.—^Load curve of 3J31 for = 2.6 and i = 


0 . 66 . 



i 

Fiq. 10'23a.—Reduced performance chart of BM50. N = 20; j = 0.61; ft = 0.50; 

0 = 0.94. 



9 

Fiq. 10-235.—Load curv^e of BM50 for 5 = 4.1 and i = 0.37. 
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included as the only available information on 26- and 38-oscillator mag¬ 
netrons. No load curves are included because of the ambiguity intro¬ 
duced in Yz by the lengthwise variation of r-f voltage. 

It will be noted that many of the load curves show a definite maxi¬ 
mum, the existence of which may be regarded with considerable suspicion. 




9 

Fig. 10-24^. —Lnad i;urve of SCWC for b = 3.3 and i = 0.29. 


In a region of heavy loading (large g), a number of factors tend to affect 
the power output unfavorably. The output-circuit loss is most impor¬ 
tant at large g, as is the loss in any external tuning device, and these 
losses have not been considered. Furthermore, in this region any mode 
instability of a tube is enhanced, and the r-f patterns become the most 
irregular. 
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10-8. Determinatioii of the Secondary Desi^ Parameters. As 

described in Sec. 10-2, the primary parameters affecting the design of the 
interaction space are the voltage F, the current /, and the wavelerigtli X. 
These are not sufficient, however, completely to determine the interaction 
space and permit the calculation of the secondary design parameters. 
In addition, it is necessary to choose a set of shape factors, N, tr, and 41 , 
and settle upon a relative operating point expressed by ^, and g. 
the nine quantities F, /, and N, a and /x; and b, i, and g can then V)e 
used to calculate the secondary parameters r^, r^, 1\ w, tjc, Gl, J, and B. 

In the present formulation, the choice of the shape factors and 
relative operating point has been considered essentially a guess that 
provides a trial solution to the design problem that may or may not turn 
out to be self-consistent. Actually, in many cases, past experience will 
serve as a guide. Furthermore, the expressions that are to be calculated 
for the secondary design parameters Avill readily indicate how an inade¬ 
quate choice of the shape factors or operating point must he amended. 

In fixing AT, a, and /x, a choice is made of a particular family of mag¬ 
netrons represented by one of the reduced performance charts. A 
choice of 1) and i then determines where, relative to this chart, the new 
magnetron is to operate. If now a value of g is selected that is the same 
as that for wdiich the chart Avas measured, values of v and of p can be read 
off directly. If a different value of g is desired, an approximation must 
be made to the proper performance chart in a way to be considered 
shortly. 

The magnetic field B can be found directly from Eqs. (25rx) and 
(2()a) and may be written 


B 


42,400 

' \n0 - 


(31) 


The anode radius is determined from Eqs. (25b) and (26b) to be 


N [V 
6320 V V ' 


(32) 


Similarly the anode height h is found from Eqs. (25c) and (2()c) to b(' 


h = 




(1 - + 1 ^ 


a, 


By using Eqs. (25rf) and (26d), the load Gt is given by 



(33) 


(34) 
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Because the cathode radius is given by Tc = frra^ one has from Eq. (32) 


Similarly, the slot opening is determined hy w = fii2wra/N)f which 
becomes 

“’-"loro- 

The cathode-current density J is found from Eqs. 25c and 26c to be 


/ = 420 


V 1 

V 




Finally, the electronic efficiency is read from the performance chart or 
calculated from 


Equations (31) to (38) express the secondary design parameters in 
terms of the voltage, current, and wavelength; the shape factors *V, 
O’, and /i; and the relative operating point given by hy and g. 

In Sec. 10-9 a comparison will be made of the reduced performance 

charts presented in this section, 
f T It will be found, after a load cor- 

\ rection is applied, that they are 

_\__very similar except for a moderate 

\ decrease in electronic efficiency 

jv(i-a 2 ; with larger values of tr. To a first 

20 -- approximation, therefore, the 

I*"* °-— o effect of the shape factors and 

I relative operating j^oint upon the 

Ojj- ^^secondary design parameters can 

N be considered independent. 

Fig. 10-27. lOO/fATU^ er*)], aa a function jg interest to consider in 

detail the effect of the shape fac¬ 
tors, the relative operating point, and the primary design parameters 
upon the magnetic field, the anode height, the cathode radius, and the 
cathode-current density. 

Magnetic Field .—From Eq. (31) it is seen that the magnetic field is 

proportional to b, 1/X, and 1/A^(1 — tr^). An attempt to operate 

high on the reduced performance chart, in search of high efficiency, for 
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example, requires a high field. Furthermore, the shorter the wavelength 
the greater the magnetic field must be. In Fig. 10-27, the quantity 
1/[JV(1 — (T^)] has been plotted against N for the tubes considered in 
this section. A steady decrease with increasing N is observed, indicating 
that a smaller field is required for larger values of N. 

It is necessary to discuss at this point a limitation that is placed 
upon the choice of b when an anode block of the rising-sun type is used. 
It has been shown in Chap. 3 that the 7r-mode of a rising-sun anode block 
contains a certain amount of the zero component and that this contamina¬ 
tion particularly disturbs the electron orbits and therefore decreases the 
electronic efficiency at magnetic fields for which the frequency of the 
cycloidal motion of the electrons is close to the oscillating frequency. 
For a plane magnetron, this critical field should be given by 


Be 


10,600, 
X ' 


m 


hut for cylindrical magnetrons, a very qualitative argument by Slater^ 
indicates that a correction term should be added so that the field becomes 

10,600 A , 3\ 

jjj. (40) 

In Fig. 10-28 the electronic efficiency at constant current is plotted 
against \B from data obtained with two 18-vane 3-cm magnetrons and 
with one 22-vane 1-cm magnetron. An efficiency minimum is exhibited 
by the curves that checks surprisingly well with Eq. (40). Unfor¬ 
tunately, no rising-sun magnetrons have been made with N smaller than 
18, so that Eq. (40) cannot be experimentally checked for low values of 
N. An interesting fact will be found in Sec. 12-6, however, which may 
have bearing on this subject. It will be seen that the back-bombard¬ 
ment power on the cathode of a 2J32 magnetron expressed in percentage 
of input power reaches a maximum value in the neighborhood of 1400 
gauss. By placing X = 10.7 and = 8 in Eq. (40), a value of Be is 
obtained equal to 1360 gauss. If the increased back-bombardment 
power could be ascribed to the same type of interaction that produces 
the efficiency valley of a rising-sun magnetron, the agreement of these 
fields would be additional evidence for the validity of Eq. (40). The 
identific.ation of the tw o phenomena, however, cannot be made with 
certainty with the present knowledge of magnetron electronics. 

No particular significance should be attached to the values of effi¬ 
ciency at the minimum point because they depend primarily upon the 
amount of zero component present, and that in turn depends mainly 
on the ratio of cavity sizes and on the anode diameter. 

* J. C. Sliitur, HL Report No, V-5S, August 1941. 



X in gauss - cm 
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It is clear from Fig. 10-28 that a range of about ±25 per cent arouiHl 
the critical value of magnetic field Be is excluded in designing a rising-sun 
magnetron. By using Eq. (40) a plot is made in Fig. 10-29 of \Hr 
against N. The region to be avoided is delineated by two dashed lines 
spaced plus and minus 25 per cent 
from the full curve. For magne¬ 
trons of 1-cm or shorter wave¬ 
length that have a large number 
of oscillators, the difficulty of 
getting strong fields at moderate 
magnet weight may serve to limit 
the field to values for which \B 
is less than 0.9 X lO'* gauss-cm. 

For longer-wavelength tubes, 
fields corresponding to \B values greater than 1.7 X 10^ are easier to 
obtain, and operation above the critical region becomes feasible. 

From Eqs. (31) and (40), the critical reduced field is found to be 

be = (1 - a*) (41) 

By using the values of cr given in Table 10-2, a plot of this quantity is 
made in Fig. 10-30, vshowing how he increases with increasing N. An 
average curve is drawn through the points, and two dashed lines spaced 

plus and minus 25 per cent from 
the average curve indicate ap¬ 
proximately the region to be 
avoided. 

Anode Height .—In Eq. (33), 
the anode height is found to be 
proportional to //F, v/?’, and 
N[{1 - + lA)]/ai. Alow- 

impedance magnetron therefore 
requires a long anode. In addi- 
tion, a long anode is required for 
operation in the upper left of the 
reduced performance chart (in 
general, a region of high efficiency), although a short anode is obtained 
in the lower right portion of the chart (a region of low efficiency). 
In Fig. 10-31 ai/[(l — cr^)^! + lA)] been set equal to A, and the 
quantity N/A plotted against N. It is observed that there exists no 
definite trend of N/A with increasing N, This slow variation of N/A 
with N has an interesting implication. From Eqs. (26b) to (26d) it 



I'm;. — Ntr as a function of N. Ntr = 

0.85V - 3.83. 
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Fid. 10-31. N/A as a function of N. 
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may be computed that 


g ^ 0.420 A 
h X N' 


(42) 


Hence, normalized to the same wavelength, the tubes thus far designed 
have had values of tr such that the characteristic conductances per unit 
length have varied over a relatively small range. Referring now to 

Eq. (34), it is clear that in general 



N 

Fia. 10-33 .—or as a funotion of N. 


Gl will be proportional to h/\ al¬ 
most independently of N. 

Cathode Radius .—In Eq. (35), 
the cathode radius is observed to 
be proportional to \/l//v and Na. 
The product of No- is plotted 
against N in Fig. 10-32 and is ob¬ 
served to be nearly a linearly in¬ 
creasing function of N. For a 
low-voltage magnetron with small 
F, therefore, the cathode can be 
kept at a reasonable size by in¬ 
creasing N instead of by using a 
very small value of v and accept¬ 
ing a consequently low efficiency. 


The straight line in Fig. 10-32 has the equation 


or 


No- = 0.85i\r - 3.83 (43) 

T = 0.85 - ~ (44) 


Equation (44) has been used to draw the solid curve shown in Fig. 10 33, 
where a is plotted against N. 

Cathode-current Density .—The cathode-current density J expressed 
by Eq. (37) is proportional to i, 1/X^, -y/F/v, and AIN^a-. It is interest¬ 
ing to observe that J has no explicit dependence on I. Other things 
being equal, a low-current density is obtained only by operating at the 
far left of the reduced performance chart. This fact is illustrated by 
the charts for the various c-w magnetrons that, although operating at 
very low plate currents compared with pulsed tubes, obtain the low- 
current density appropriate to a c-w cathode only by operating at small 
reduced currents. The dependence of J on X illustrates the well-known 
law that the current density required of a cathode varies inversely as the 
square of the Wavelength. The dependence on V/v indicates that a 
smaller current density is required of low-voltage magnetrons and of 
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magnetrons operating high on the reduced performance chart. The 
quantity A/N'^tr has been plotted against N in Fig. 10-34. It decreases 
steadily with increasing N and indicates that a lower J can be achieved 
for a larger number of oscillators. 

If a value of g is taken different from the value indicated on the chosen 
performance chart, the values of v and p will be correspondingly altered. 
To correct p, it must be assumed that it varies in the same manner as 
the curve in the corresponding chart of p vs. g, even though different 


relative operating points may be 
involved. The assumption of a 
generally uniform variation of the 
performance chart with load is 
the only justification of this 
procedure. 

The value of Vy for a given b 
and ij may vary from 10 to 15 per 
cent over the ordinary range of g, 
being lower for small values of g. 
The data for making this correc¬ 
tion are not usually available. 
If the correction is ignored and a 
value of V is used larger than the 
correct value the tube will be 



N 

Kig. 10-34.— A/N'^xt as a fun nil on of N. 


found to require a magnetic field somewhat larger than the calculated 
value in order to operate at the voltage V and current I. 

10-9. Comparison of the Reduced Performance Charts.—The useful¬ 
ness of the scaling principle naturally suggests an attempt to correlate 
the performance of magnetrons of different families. The quantities 
defined in Eqs. (2G) have been suggested as being characteristic scale 
factors sufficient to reduce to a common basis the performance of mag¬ 
netrons not only of different size and wavelength but also of different 
N. and ir. If this is correct, all performance charts with the same g 
and g should be similar when reduced in this manner. 

The characteristic factors defined in Eqs. (26) have been obtained 
only by arguments of plausibility. The quantities U and (B are the 
voltage and field at the point of intersection of the cutoff curve and 
Hartree resonance line in a diagram of voltage against field, and ^ is the 
corresponding current. Because this is a very characteristic point in 
such a diagram, it is thought possible that the performance of a tube 
expressed in units of (B, T), and ^ should be nearly independent of its 
size, shape, and frequency. The reduced performance charts of this 
chapter have been expressed in terms of CB, T3, and d and will be used to 
examine this supposition. 
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The factor n determining the relative slot width should have little 
effect on operation over the range of values listed in Table 10-1. For 
unit voltage across the slots of a magnetron, the tangential electric field 
in the interaction space for the 7r-mode is given by 



where 0 is the angular coordinate. The coefficients exist for 
^ = N/2j /2, 5N/2j ■ ■ ■ , and are given by 




. m 
sin ^ TTM 


m 

N 


(40) 




In Table 10v5 the values of ( sin 


iv)/ 


m 


^TT/i are given for m = N/2, 
3N /2, and 5N/2 and various values of m- It is seen that the fundamental 


Table 10-3.— Values pf sin for Selected Values of m and ^ 



TT/i 

Sin -- 

TT/l 

2 

sin - j 

Stt/x 

57rjx 

Sin -2 

Stt/x 

0.30 

0.003 

0.699 

0.300 

0.35 

0.050 1 

0.605 

0.130 

O.40 

0.036 I 

0.505 

0.000 

0.45 

0.010 ! 

0.402 

0.108 

0.50 

0.000 

_i 

0.300 

0.180 


component a,y /2 varies only about 6 per cent as n goes from 0.30 to 0.50. 
The successive components vary more but are much smaller contributors 
to within the interaction space because of the factor 

[/:(2WX)] 

[j:(27rr,/X)] 

which varies essentially as (r/ro)’”“^ Successive components are multi¬ 
plied by (r/fa)'', which for N as small as 4 and r/va as large as f is only 
0.316. Experimentally it has been observed that only very slight changes 
are made in the performance of a magnetron when ^L is varied within the 
range 0.30 to 0.50. Measurements illustrating this fact are included 
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in a report by M. Healea.^ Consequently, a difference in will not be 
considered a source of serious disagreement between the reduced data 
of various magnetrons. 

Although the factor may be disregarded in comparing the various 
reduced performance charts, this comparison should still be made for 
charts Avith the same reduced load g. The charts of this chapter vary 
widely in load; they cannot, therefore, be directly compared but must be 
first corrected to a common g. 

Two difficulties present themselves: (1) The value computed for g 
in any case is directly proportional to Tc, a quantity Avhose value calcu¬ 
lated by present methods is always dubious. The amount of correction 
to a particular case to bring it to a chosen value of g is therefore uncertain. 
( 2 ) Even if g were accuratel}^ knoAvn, the load curves give very incomplete 
information about the variation in a performance chart as its g is changed. 
In meeting these difficulties, the reduced magnetic field lines and poAver 
contours will be considered separately. 

It is much more convenient to compare efficiency contours than 
contours of constant reduced poAver. It Avill be seen that the efficiency 
contours can be represented Avith 
sufficient accuracy hy straight 
lines, and this fact simplifies the 
extrapolation and interpolation of 
the data. It Avill be necessary to 
assume that poAver and efficiency 
Yury proportionally as the load is 
changed at a point on a perform¬ 
ance chart, and an approximation 
is thereby introduced that is illus¬ 
trated in Fig. 10-35. The load 
curve gives the relation betAveen 
the reduced powers p and p' 
corresponding to g and g' at constant h and i. Because the voltage 
increases slightly as g is increased, r' Avill be larger than v, and the effi¬ 
ciencies will be related by 



id) " ( 6 ) 

Fir. 10-;15. —VHrial.iDn of perfonnanf'e 
chart with load. (n) Load g; {h) load 

o' > 0 . 


■n. V7 P 


(47) 


The efficiency 17 '/ at v and i Avith load g^ will be again slightly smaller 
than 7 /'. Because (if — lO is small, the error in placing 




(48) 


M. Healca, RL Report No. 586, Aug. 1, 1944. 
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ia unimportant compared with the other sources of error mentioned 
earlier. 

Instead of trying to correct all the performance charts to a common 
value of g, each set of efficiency contours will be adjusted by multiplying 
them by the ratio of the power at the maximum of the appropriate load 
curve to the power at the load point of the performance chart. It 
will develop that the efficiencies corrected in this way show certain cor¬ 
relations, so that the procedure is useful even if arbitrary. If it is 
assumed that the efficiencies of all magnetrons at all operating points 
are the same function of g, and if g operates as a proper scale factor, a 
group of ideal load curves should appear as the full lines in Fig. 10-36 

with their ordinates everywhere 
proportional. Experimental load 
curves appear to change very 
slowly after reaching a maximum 
point, and Fig. 10-36 has been 
drawn accordingly. Because lead 
losses and pattern distortion may 
cause the power to increase less 
rapidly than expected for increas¬ 
ing g and in a different way for 
each tube, the load curves should 
actually be expected to appear, un¬ 
der the above assumptions, as the 
dotted lines in Fig. 10-36, where 
small changes in power have caused 
the maximum points to scatter widely. With load curves of this shape, 
the adjustment of the efficiency contours to maximum power results in an 
approximate correction to a common load g\^ located somewhere in the 
flat region of the curves. 

An assembly of the actual load curves up to iV = 16 is given in Fig. 
10-37. These curves seem to depart further from proportionality than 
the assumptions made above would lead one to expect. This behavior 
can be due to (1) inaccurate values of Fc, (2) inaccurate data, (3) unsuc¬ 
cessful scaling by g, or (4) nonadherence to the assumption of com¬ 
pletely uniform variation of the performance charts with load. The 
source of the difficulty is not evident at present. 

The data beyond A = 16 are not considered reliable enough to 
contribute to the comparisons that will be made, while the data for 
ZP676 and HPIOV are to be excluded for reasons given in Sec. 10-5. 
Data concerning the QK61 will be found to have poor agreement with 
the other data used and have also been omitted from Fig. 10-37. The 



Fig. lf)'36.—Expected appearance of a. Rroup 
at load curves. 
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load curve for the 725A in Fig. 10*37 is an average of the curves for the 
Raytheon and Western Electric tubes. 

As a first step, the adjusted efficiency contours for all tubes of a 
given N have been collected on a single plot. These plots are shown 
for iV = 8, A = 12, and N = 16 in Figs. 10*38 to 10*40. On these plots, 
it has been possible to draw a set of straight lines representing the data 



0.0 0.2 0.4 0.6 O.B 

9 

Fiij. 10-1^7. - Aasembb' of thp riidurnrl Inftd curves. 


within 15 per cent except at one or two points. A number of reasons 
have been given previously that indicate why efficiencies should be lower 
than normal at the extremes of operation of a tube, thus tending to close 
the efficiency contours about the operating region. This effect should 
be considered in evaluating how well the straight lines represent the data. 
In Fig. 10*40, there is observed the very unusual behavior of the efficiency 
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t 

Fig. 10-38.—CnllBctBtl efficiency contours for N = S. tr = 0.38. 



Fill. 10-39.—Cnllected efficiency crntoura for AT 12. ir = 0.60 to rr = 0.59. 
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lines for the QK61. It is not certain whether this shape is due to some 
disturbing effect, such as leakage current, or represents the real behavior 
of the contours below i = 0.5. The straight lines have not been extended 
into this region. 

The general good consistency of the efficiencies in the plots for 
AT = 8, Af = 12, and AT = 16 confirms the reasonableness of the adjust¬ 
ments made in the contours and 
indicates that the small differences 
in IT for the tubes of the same N 
cither have been taken into ac¬ 
count by the scale factors or cause 
negligible effects. Consequently, 
each chart has been indicated as 
\'alid over the range of tr shown. 

In Fig. 10-41 the efficiency 
lines for the various values of N 
have been drawn on a single chart. 

Two important points emerge: (1) 

The various lines show a remark¬ 
able family resemblance; and (2) 
although the contours for AT = 12 
and A^ = 16 show reasonable nu¬ 
merical agreement, the efficiencies 
for AT = 8 are everywhere much 
higher. From the first point, sup¬ 
port is given to V and ^ as proper 
scale factors. From the second 
point, however, it is clear that the 
scaling process used has not re- Fiu. 10-4L).—Cnlleiatid efficiemiy cdhIdih-.s 

suited in a complete coincidence ^ = o.no to o.bh. 

of the efficiency contours and in that sense has failed. 

Before considering this matter further, a comparison will be made of 
the contours of constant h. Again, this comparison cannot be strictly 
made unless the reduced charts are first reduced to a common value of 
g] but because the data to make this correction are unavailable, it will be 
disregarded. A direct comparison will nevertheless be of value, because 
the correction Avould result only in a small, roughly parallel displacement 
of the field lines. In Fig. 10-42 the contours of almost all of the tubes 
liaA’^e been superimposed for h equal to 2.50, 3.50, 4.50, 5.50, and 6.50. 
These particular contours have been obtained by a linear interpolation 
of the lines of h on the individual performance charts. The data for 
the QK61 have been excluded because of extreme disagreement of 
iinknoAvn origin. Tncludecl on the chart are a set of straight heavy lines 
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identified by a value of b, passing through the corresponding Hartree 
voltage at i = 0 and giving, in each case, the best average agreement 
with the corresponding experimental contours. The intermediate lines 
are interpolated. The vertical spacing of these lines corresponds well 
with the spacing of the experimental contours. Thus, by inspection of 
Fig. 10-42, it is seen that there is a maximum spread in each set of field 
contours of 20 per cent and a maximum deviation from the straight lines 
of 10 per cent. The correction for load would increase or decrease the 
deviation by a small amount. To this extent, therefore, the field lines 



Fig. 10-41.—Aasembly of efficiency contours for iV = 8, A = 12, and N = 16. 


have been brought into coincidence. There appear to be some systematic 
changes in shape of the contours as N increases, but this question cannot 
be adequately discussed without data sufficient to reduce the charts 
accurately to a common g. 

lO'lO. The Universal Performance Chart.—The comparisons that 
have been made above indicate that the scale factors (B, “U, and g are 
sufficient over the range considered to produce at least a rough coincidence 
of the magnetic field lines and to demonstrate a similarity between the 
efficiency contours of tubes with different N. An efficiency contour 
passing through a particular point of the (u,i)-plane appears to have a 
particular direction independent of the value of N. However, the 
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numerical value that this contour possesses does seem to depend on N. 
The use of these scale factors, therefore, results in what may be called a 
"pseudo scaling" of a magnetron. 

The inability of the scale factors to produce a true scaling is con¬ 
firmed by measurements taken by M. Healea.^ The efficiency of an 
eight-oscillator magnetron was 
measured at constant magnetic 
field, current, and load for three 
different values of tr. These three 
points appear in Fig. 10-43, to¬ 
gether with efficiency lines from 
Fig. 10-38, which correspond to a 
value of u = 0.38. The value of g 
for Healea^s data is not the same 
as that appropriate to Fig. 10-38 
so that her efficiency for tr = .37 
does not agree vdth the values 
indicated on the efficiency lines. 

Nevertheless, it is observed that there is a spread of 25 per cent in the 
three efficiencies, although the spacing of the lines would predict a spread 
of not more than 7 per cent. 

That the scaling introduced by (B, D, and f] should behave in this 
way has been suggested in a report by Allis.^ He calculates that the 
efficiency of a magnetron should be constant along a line given by 

D = ^ = const., (49) 

■\/ V 

and that the efficiency to be associated with each such line is a function 
of tr. This theory, however, is uncertain in many ways, and in particular, 
as will be seen shortly, the efficiency contours predicted by Eq. (49) 
do not agree completely with Fig. 10-41. Therefore, Allis' results cannot 
be called upon to indicate a theoretical method of associating efficiencies 
for each case with the various contours. 

In establishing a universal performance chart, one can proceed with 
the present data only to the following extent. A set of (v,i)-charac- 
teristics can be drawn that represent the data of this chapter within 
10 per cent but that do not reproduce well the shape of the experimental 
characteristics in all cases. These lines are drawn with no dependence 
on load because there is insufficient data to introduce such a correction. 
A set of straight lines are added that when assigned the proper values in 

^ M. Healea, RL Report No. 586, Aug. 1, 1944. 

“ W. P. Allis, “Theory of Space Charge in an Oscillating Magnetron,” RL Report 
No. 176, July 1, 1942. 



1 

Fio. 10-43.—Variation in efficiency with a 
for N = 8. 
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Fig. 10-44.—Universal performance chart. The solid lines are (u,l)-characteristics for which r = (2& — 1) + (9 + b)(i/40) 
when ^ ^ 2.50. and n = (2ft — 1) + [2(6 + l)/ft^l iwhenft < 2.50. The dashed lines are efficiency for i; = (5q + ft)/G + (<//3)i\ 
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A universal performance chart constructed in this way is shown in 
Fig. 10-44. Above b = 2.50, the (c,i)-characteristics are the same as 
those drawn in Fig. 10-42 and can be represented by the linear equation 

c = ( 2 b - 1) + ® i. (50) 

The eontour for b = 1.00 must be a horizontal line passing through 
i; = 1, a condition not satisfied by Eq. (50). Consequently, it is assumed 
that below h = 2.50 the characteristics have the slope suggested by 
Slater^ and given by 

« = (2b - 1) + (51) 


The characteristics defined by Eqs. (50) and (51) coincide closely for 
= 2.50. Having defined the (E,/)-characteristics, it is possible to 
draw in the cutoff curve that must satisfy the relation t; = b^. All 
efficiencies must become zero on this curve to be consistent with the 
(F,/)-lines. 

The efficiency contours of Fig. 10-41 have been matched closely Avith a 
family of straight lines given by 

+ (52) 

The quantity g is a parameter designating a member of the family, and 
its value is indicated on each efficiency line drawn in Fig. 10*44. The 
efficiencies to be associated with these lines will be called 770 ( 7 , 0 -,A) and 
are indicated in Table 10-4, to the extent of the present data. There are 



included values obtained from comparison Avith the performance chart 
for the SCWC. 

^ J. C. Slater, “Theory of Magnetron Operation,” RL Report No. 200, Mar. 8, 
1943. 
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Using the (y,^)-characte^istics defined in Eqs. (50) and (51), the lines 
nf constant D defined in Eq. (49) can be constructed. These lines nrv, 
compared in Fig. 10-45 with the efficiency contours defined by Eq. (52); 
the lines disagree badly in slope except close to the cutoff curv(\ The 
experimental efficiencies therefore decrease more rapidly with increasing 
current than Allis' theory would predict, except for small values of h. 
This observed fact is consistent with the careful data taken by Rieke/ 
Platzman, and Evans in which the efficiencies are found to follow very 
closely lines of constant D because their data do not extend above v = (i. 

It would be very desirable at this point to be able to exhibit a single 
curve giving the variation of the efficiencies of the universal performanct: 
chart with load. As has been said, the unsystematic appearance of the 
load curves in Fig. 10-37 makes it impossible to state a single value of 
g for which the efficiencies that have been given are valid. A certain 
amount of progress can be made, however, by normalizing the load curves 
to the maximum value of p and the corresponding value of g. These 
curves are shown in Fig. 10-46 where p/pm^ has been plotted against 
g/gn for the cases considered. Except for one case the curves now show a 
reasonably similar variation with g/g^ and can be represented by an 
equation of the form 



Therefore, using an approximation introduced in Eq. (48), one can write 


01 * 


Vc 

7ju{q,(T,N) 


('+ ff 


ve = T7o(g,o-,Ar) 


(go + gy 


(54j 

(55) 


The difficulty that has been encountered can now be expressed by 
saying that the data do not indicate if a single value of go exists. The 
average value of go is 0.5, but the range is from 0.25 to 0.80, or almost a 
factor of 2 each way. 

10-11. The General Design Formulas.—The analysis that has been 
made of the general scaling laws opens the way for more comprehensive 
design procedures. The 10 equations that have been formulated are 

^ f'. F. llieke et al., "Analysis of Magnetron Performance, Part II,’’ HI. Heport 
Xo. 451, Mar. 3, 1044. 
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D 42,400 

^ ” N\il - O’ 

(56) 

NX jV 

(57) 

“ 6320 


(58) 

Ntr IV 

(59) 


J = 420 

X^\V N^a 

(60) 

mX fv 

1610 ^J V ' 

(61) 

G,. = g«y ("). 

(62) 

47 

Vc = Vo{q,<^,N) 

(63) 

= (2b - 1) + (9 + b) ^ b ^ 2.50, 

(64tt) 

V = (21) - 1) + ~ b < 2.50, 

(645) 


(65) 


The aecuraey of this set of design formulas is limited by Eqs. (02), 
(()4a), (64f;), and (65). In Eqs. (62) and (63), g has been replaced by 
7 pu in such a way that all the uncertainty about appears in the equation 
for Gl- The quantity y = g/g\sy indicating at Avhat fraction of the load 
for maximum power a magnetron operates, replaces g as a variable. 
The precision with which Eqs. (64tt), (64f/), and (65) represent the 
magnetic field lines and efficiency contours has aln^ady been discussed. 

The scope of the design formulas is limited by the factor 1711(7,tr,A^) 
in Eq. ( 65 ) Avhich is known with the present data only to the extent of 
Table 10.4. 

The 10 equations listed above contain 19 quantities; any design 
procedure must fix in some way 9 of these quantities. In Secs. 10-5 
through 10-8 a process has been discussed at length in which the primary 
design parameters X, T, and I are fixed; the shape factors iV, tr, and g 
and the relative operating point b, ij and y are assumed; and the quanti¬ 
ties T/e, Glj B, J, Taj Tcj k, aiid w SiTG computed and then examined for 
consistency with other aspects of the design. Some alternative proce¬ 
dures are to be distaissed below which again fix the values of X, F, and I 
and result in trial Auilues of the remaining quantities. These alternatives 
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vary by assuming the values for different groups of six parameters. 
Table 10-5 illustrates the choice made in three such alternatives. 


Table 10 5.—The Fixed Parameters in Alternative Design Procedures 


Paramiitfir 

Those used in 

Alternative 

Chap. 10 

I 

II 

III 

N 


V 


V'" 

ff 

V 



V 

M 

V 

V 

V 

V 

b 

V 


V 


i 

V 

V 

V 


y 

V 


V 

V 

Vb 


v 

V 

V 

Gl 


V 



B 



. . 


J 



V 

v/ 

Ta 





Tf, 





h 


V 



W 






Ali&rnative I.—This case recognizes an attack made on the general 
design problem by Hagstrum, Hcbenstreit, and Whitcomb of Bell 
Telephone Laboratories. The choice of assumed parameters used here 
assures that the design will meet certain fixed requirements laid on the 
circuit efficiency, the magnetic field, and the anode height. One relation 
between v and o- can be obtained from Eqs. (56) and (64), and a second 
relation is provided by Eq. (58). When these expressions arc combined, 
a becomes 



hV 1 [ N\B / i \ 

2.39A^xJ [42,400 \ “*■ 40/_ 


(1 - t.2) + 



= 0 . 
(6B) 


This equation is not precisely that obtained by Hagstrum, ITebenstreit, 
and Whitcomb because, instead of Eqs. (64), they use an expression more 
closely fitting their particular case and neglecting any change in slope 
of the (v, 2 )-characteristic with increasing b. 

Equation ( 66 ) does not necessarily provide a reasonable value of tr. 
The parameters entering the equation, therefore, have the restriction 
that cr must lie within some accepted range. The remaining undeter¬ 
mined quantities can now be found by using the value of a given by 
Eq. ( 66 ). 

Alteriiative II.—This procedure fixes the cathode current density 
the electronic efficiency 17 *., and the relative operating point. From 
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Eqs, (64) and (65) v and q can be determined immediately; Eqs. (60) 
and (55) then provide two relations between N and tr as follows: 


and 


A = jq‘2 _ 

tr 420 



rio(q,(r,N) 


(1 + 7 )^ 

A.. 


(67) 

( 68 ) 


By choosing a value of A/a is determined and therefore tr can be 
found from Fig. 10-47. The value of 770 corresponding to these values of N 
and a can then be estimated from Table 10 4 if they are Avithin the known 



Fig. 10 - 47 .—A and A/rr as functions of iV. A = ai/[(l — + 1 /cr)]. 

range and examined for consistency Avith Eq. ( 68 ). A certain slack has 
to be permitted at this point, because N is not a continuous variable. 
Equations (67) and ( 68 ) restrict someAvhat the choice of the fixed quanti¬ 
ties. In particular, A/tr has a minimum value of about 0.94 at tr = 0.35. 
The values of a- and N determined from Eqs. (67) and ( 68 ) allow the 
calculation of the remaining unknowns. 

Alternative TIT.—This case is presented as one corresponding rather 
closely to the Avay in Avhich many magnetrons have been designed in 
practice. The shape factors AT, tr, and are assumed fixed, as are the 
circuit efficiency and the cathode-current density. It is also assumed 
that the tube Avill operate at a fraction 7 of the load for maximum power. 
From Eq. (55), a value can be obtained for T 7 o(g,(r,Ar) and then a value 
for g by using Table 10-4. Equations (37) may be AA^ritten 

yy ^ 420 y/V ( A\ 

i w Vatv/ 


( 69 ) 
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The quantities on the right of Eq. (69) are fixed and tht^refore deter¬ 
mine \/v/i. The values of N and u employed will approximately 
satisfy Eq. (44) in order to correspond to Table 7-6, and a graph of 
d/iVV as a function of N can therefore be given in Fig. 10-48- 

In Fig. 10-49, contours of constant b have been drawn in the (v^A, 
plane and serve to determine b. With q and b known, v and i can be found 




from Fig. 10-44 or computed from Eqs. (64) and (65). The remaining 
parameters can then be found Avithout difficulty. 

10*12. Numerical Example. —In order to illustrate most clearly the 
methods discussed in this section, a numerical example will be con¬ 
sidered. Suppose that it is desired to build a c-w magnetron that 
operates with X = 10 cm, V = 1000 volts, and / = 0.15 amp. Suppose 
further that an electronic efficiency of about 0.70 is desired for y = 1.00 
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and that it is required that J equal 0.15 amp/cm^ in order to remain 
well below an arbitrary limit of 0.20 amp/cm^. 

Consider first the procedure established by Alternative III. Suppose, 
on the basis of previous experience, it is believed that N = 16 may be a 
suitable number of oscillators for the tube. From Eq. (44) the cor¬ 
responding value of (T is found to be 0.61. Since it is assumed that 
7 = 1.0, it is necessary that 770 ( 0 ',o’,= 0.70. The corresponding value 
of q is found by reference to Table 10-4 to be equal to 6. By the use of 
I'ki. (69) and Fig. 10-48, it is next found that y/v/i = 4.9. With this 
value of y/v/i and the value g = 6, a reference to Fig. 10-49 determines 
the value of h as 3.9. The value of v is found to be 7.0 from Fig. 10-44, 
and the corresponding value of i is {i/y/v) \/v = 0.54. 

From Eqs. (56) to (59) B = 1600 gauss, h = 0.87 cm, r„ = 0.30 cm, 
and Te = 0.19 cm. The tube the main features of which are thus estab¬ 
lished corresponds roughly to the QK6] c-w magnetron discussed in 
Chap. 19. 

Alternative II can now be illustrated by supposing in the same 
example that b and ^ have the values already calculated but that N and 
IT are undecided. The quantities v and q can be considered as determined 
by h and i. From Eq. (67) it is now found that 

- = 5.5 X (70) 

(T 

By use of Eq. (70) and Fig. 10-47, one can now construct Table 10-6. 


TaHI.K 10-6.- PoSKlHCK Vai.ues of N in an Kxamcle of Maonetron Debion 


N 

A 

IT 

1 

cr 

o.« - ?|3 

10 

0.55 


0.47 

12 

0.79 


0.53 

14 

1.08 

0.50 

0.50 

16 

1.41 

0.59 

0.61 

18 

1.78 

0.66 

0.64 

20 

2.20 

0.69 

0.66 


It is observed that the conditions imposed on the design cannot possibly 
be met with N less than 14. At AT = 14 the calculated value of tr is 
considerably less than the value given by Eq. (44), but at AT = 20 the 
calculated value becomes larger than the value given by Eq. (44). The 
best match is given by A = 16 or 18. For N = 16, reference can now 
be made to Table 10-4, where it is found that i 7 o(g,o',A) for g = 6 and 
A = 16 is consistent with the desired value. 




CHAPTER 11 


THE RESONANT SYSTEM 

By S. Millman and W. V. Smith 

11-1. Factors Influencing Choice of Resonant System. —Chapter 10 
analyzed the problem of designing an anode block based on trial values 
of the parameters N, da/\ jjl = w/d, and h/\. The present chapter 
will give specific solutions to the problem and indicate modifications 
necessary in the trial solution. The specific types of blocks to be con¬ 
sidered are the rising-sun block and the strapped block, which are 



discussed from a theoretical viewpoint in Chaps. 3 and 4 and which are 
illustrated in Figs. 11-1 and 31. For wavelengths above 3 cm strapped 
resonant systems become increasingly preferable to rising-sun resonant 
systems, while for wavelengths below 3 cm the situation is reversed. 
The three major factors influencing the choice between these two designs 
are size and ease of construction, unloaded Q and circuit efficiency, and 
mode separation as functions of da/X and h/\. 

At 1 cm the prime design criterion is that dimensions be as large as 
possible compared with a wavelength. The rising-sun construction with 
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its elimination of straps and accompanying increase in resonator dimen¬ 
sions fulfills this criterion. At 10 cm the prime size criterion is to make 
the complete anode block as small as possible, hence favoring strapped 
blocks. 

The unloaded Q{Qu) for a strapped block is about half that for a 
comparable rising-sun block. Furthermore, because Qu decreases and 
the external Q(Qe) increases at short wavelengths and large JV, the circuit 
efficiency in a strapped tube becomes quite low at 1 cm. A comparison 
of rising-sun and strapped-block values at this wavelength, for D = 3 kv 
and N = 18, is as follows: (1) In the rising sun, Qu = 900, Qe = 500, 
and = 64 per cent. (2) In the strapped, Qu = 550, Qe = 500, and 
7 /c = 52 per cent. By contrast, at 10 cm, typical values for rising sun 
are Q„ = 2500, Qe = 150, t^c = 94 per cent; and for strapped, Qu = 1500, 

= 150, ria = 90 per cent. Thus at 10 cm, the difference in rjc between 
strapped and rising-sun blocks is negligible. Conserve live strapped 
anode-block designs have values of ria/X and h/\ less than 0.3, with 
resulting mode separations in exce^ss of 15 per cent for the double-ring 
strapping illustrated in Fig. 11-1. Successful magnetron operation has 
been attained, however, with rising-sun blocks having values of da/X 
and /]/X of aV)out 0.6 and mode separations as low as 2 per cent. Thus 
mode separation appears to be incidental to the choice l)etween strapped 
and ri^sing-sun blocks. One consequence of the small mode separations 
accompanying large values of da/X and h/\ is the difficulty encountered 
in tuning the resonant system. 

STRAPPED RESONANT SYSTEMS 



By W. V. Smith 

11-2. Wavelength and Characteristic Admittance. —This section 
concerned only with 7r-mode wave¬ 
lengths, because this is usually the 
operating mode in strapped reso¬ 
nant systems. The accuracy of 
prediction is ±3 per cent, so that 
as a rule it is necessary to build 
a model, measure its wavelength, 
and make minor corrections for 
the final tube. 

The analysis of Chap. 4 shows 
that for certain conditions, usually 
equivalent to keeping da/X and 


IS 


7..^ = Resonator inductance. 

Cr= Resonator capacity + fringing 
capacity. 

C* = Strap capacity. 

Fig. 11-2.—Equivalent circuit of a single 
resonator in a strapped magnetron operating 
in the 7 r-mode, seen from the interaction 
space. 


h/\ less than 0.3, the 7 r-mode wave¬ 
length X,r and the characteristic admittance of the entire block Yc can 
generally be computed with sufficient accuracy by the aid of the simple 
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parallol-resonant circuit of Fig. 11-2, where Lr and Cr are the inductan rr 
and capacitance of a single unstrapped resonator and is the capacitance 
of the straps associated with one resonator. The total block capacitance 
is JV(Cr + Cs)- Cs may be computed from the d-c approximation because 
pertinent dimensions are small as compared with a wavelength. No 
simple formulas can cover the multiplicity of possible strap designs, but 



k, r, and \ in cm 
C in farads 

Fig. il-3.—Cirtuiit parameters of viine-t^ pe resniiiitDr. 




the formulas given in Eq. (1) for the strapping of Fig. Ill are typical 
of the approximate relations that are most useful. Greater accuracy is 
not consistent with the approximations made in the rest of the problem. 


— Co (^fA + 


where 


fA = 


25 -|- f 


and fs = 


2s + 2t + 2b 


(la) 

m 


The circuit constants of the unstrapped resonator are best computed from 
field theory following the methods discussed in Chap. 2. Because these 
methods yield resonant wavelength and capacitance Cr as the funda¬ 
mental circuit constants, it is not necessary to evaluate the inductance 
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explicitly. In this development the resonator is assumed to be a section 
t)r an infinitely long cylinder, thus neglecting the fringing fields at each 
end of the resonators. The constants arc determined in two steps. 



X'r 


L, If; and ^ In cm 0=7 

C in farads 0 = ^ 

w 

0.8B5 a 10"'^ ^ 

Fia. 11-4.—Circuit parameters of a hnlB-and-slot resonator. 


7 c; 


In the first step (primed symbols) the fringing fields in the interaction 
space are neglected. In the second step, the effects of the fringing capaci¬ 
tance Cf are added to this result to give 
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(7. = c; + c, = 

Ct= Cr + C.= 


total unstrapped caparitancc 

N ’ 

total capacitance 

- N -' 


\r = \r ^ ^ unstrapped wavelength, 

X, = X, -Jl + 


(2a) 

(2b) 

(2c) 

(2d) 


A resonator of the vane type is illustrated in the cross-sectional 
sketch of Fig. 11-3. Also plotted in this figure are curves showing C' 
evaluated at the plane P and as functions of the parameters ro, h, 
and N. The resonant wavelength is computed by solving Maxwell's 
equations for the resonator, subject to the boundary condition N = 0 
along the plane P. The admittance Y' = {h/w)(Hz/Eg) is evaluated at 

P as a function of w, and the 



characteristic admittance F' 
resonator from the relation 

I / U)=U>r' 


2j \ du) 


per 


(3) 


where w' is 27r times the resonant 
frequency of a single oscillator 
neglecting the fringing fields. 

A hole-and-slot resonator is 
illustrated in Fig. 11-4. In this 
type of geometry the resonant 
Wavelength may be found from 
the plot of L/w as a function of 
a/X' and w/a^ Avhere L, a, and w 
arc shown on the cross-sectional 
sketch. The capacitance C' is 
given by the d-c approximation 
fo{Lh/w) multiplied by a dimen¬ 
sionless constant y also plotted in 
the figure. In the simplest lumped-constant approximation, y would be 1. 
It is seen that y is nearly 1 for 0.03 < a/Xj < 0.04, where all dimensions 
are small as compared with a wavelength. 

In deriving the above results for the hole-and-slot resonator, it was 
necessary to match admittances appropriate to the two geometrical 
shapes involved at the boundary Q in Fig. 11-4. A list of appropriate 
transformation formulas is given in Chap. 2. Because dimensions are- 
small as compared with a wavelength, the fringing capacitance per 


Fit!. 11-5.—Frini^iiig capacitanno per reso¬ 
nator as a function of /x. 
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resonator Cf may be computed by 
Bolving Laplace^s equation in the 
section of the interaction space 
shown as the shaded area of the 
insert in Fig. 11-5. The boundary 
conditions are that Hz = 0 on the 
boundaries ABj CD, and EA and 
that Eg = 0 on the boundaries BC 
and DE of the vane tips. The 
resulting approximate formula, 
plotted in Fig. 11-5, is 

C/= — (l + log.—Y (4) 

IT \ TTm/ 

This formula is independent of the 
shape of the resonator, as it de¬ 
pends only on li and /i. 

Observed and computed circuit 
constants for a number of tubes 
are listed in Table 111. Not 
all of the geometrical solutions 
included in the table correspond 
exactly to those of Figs. 11*1, 11-Sa, 
and 11-4, but the calculation meth¬ 
ods used are similar to those de¬ 
scribed. In all cases the block 
height has been assumed uniform 
along the vane length, and no 
allowance has been made for the 
notches in which the strapping sys¬ 
tem is set. Tubes arc listed in 
order of increasing D. The average 
deviation of observed and com¬ 
puted wavelengths is seen to be 
about ±3 per cent. 

For some purposes, it is useful 
to conceive of the equivalent cir¬ 
cuit looking in at the back of a 
resonator, as shown in Fig. 11-G. 
The fundamental constants are the 
inductance Li and resonant Avavc- 
length \r- The inductance Lb is 
only slightly affected by the fring- 



* Geametry aot covered in derivalions (see Chap. 18). 
t Single-ling Btnpi/a = 0. 
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ing fields at the interaction space^ and therefore the symbols used will be 
unprimed. Referring to the vane resonator illustrated in Fig. 11'7, the 




-mnnnwp i 


c J 
"‘1 

- = 


characteristic impedance Zb looking to the left 
from the plane R is computed from Eq. (3), 
replacing Fj by Zb and CJ by Lr. The resulting 
value of Lb is plotted against 

Regions of validity of the above computa¬ 
tions are approximately 0.1 ^ h/\ ^ 0.3, be¬ 
cause when h/\ <0.1, the fringing fields in 
the end spaces become important, and when 
h/\ > 0.3, the equivalent circuit of Fig. 11 -6 is 
not appropriate. 

In practical tube design many geometries other than the ones com¬ 
puted may be useful. For instance, a vane tube may be constructed 
with the back half of each vane reduced in height. This design increases 


Fm. IIG.—Equivalent 
circuit of a aingle roHonatnr 
in a strapped maKiiotron 
operating in the 7r-mode, 
seen from the back of the 
veaDnator. 


hNL^ 



Ftu. 11-7.—Inductive circuit paiamctcr of a vane-type rosonator. All (]iinenHioii.s in 

centimeters; L\, in heiirys. 


the tube inductance, thus increasing the wavelength, Avithoul any 
change in vane length. 

11'3- Unloaded Q .—For estimating Q« of the magnetron, the equiva¬ 
lent circuit of Fig. 11-2 must be expanded to that of Fig. 11-8. The 
internal losses of the resonator repre¬ 
sented by Gr can be computed from 
the unstrapped unloaded Q = Qr 
given by 


WtCt ^ -I 




o — 

^Cr 


X 


rt 


(5) 


T 


Fig. 11-8. —Equivalent circuit, in¬ 
cluding losses, of a single resonator in a 
strapped magnetron operating in the 
TT-mode, seen from the interaction space. 


where C, is given in Eq. (2a). A 
is the cross-sectional area of the 
resonator; P is the perimeter of the resonator; and 5 is the skin depth. 
The strap losses can be computed by representing the double-ring straps 
as having spacing h, an open-circuited parallel-plate transmission line 
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of lenpith 1/2, characteristic admittance Fn, and attenuation constant ' 
rt = (5/f))(iS/2), where P = 27r/X. If F* is the admittance of this section 
of the straps, then 

Y, = r,, tanh (a + jp) ^ (fi) 


whence, for 1/2 X, 

Ffl = F|| - (a + jff) = + ju3x(\ 

and 

n = ^ ^ 

2r;. 2« s' 


(7) 


Analyzing the circuit of Fig. 11-8 in terms of Qr and Q^, 

1 ^ (f r + Gs ^ _ \ {. . 

Q„ ■ + C„) Qr yJCT ^ 2Q, \cj' 

The unloaded Q values calculated by means of Eqs. (5), (7), and (8) 
are too high, as the computed and observed values of Table 11-2 demon¬ 
strate. This is probably owing in part to the lower conductivity of the 
soldered portions of the anode block as compared with that of the solid 
copper structure assumed in the computations. 


Tablk 11-2.— Tin: tt-modii; Unloaded Q Values of Sthapced Anode Bi^ock 
.Material = OFHC copper 


Tube 

X. 

Cs 

c?- 

Qr 

1- 

Q. 

CDIliputiul 

Qu 

observcrl 

tliMlOB 

9.90 

0.198 

2370 

444 

1590 

1200 

HM50 

3.10 

0.135 

1010 

198 

785 

550 

2,142 

3.20 

0.309 

1850 

i 783 

1500 

900 

725btl 

3.20 

0.450 

1545 

477 

1040 

680 

725flay 

3.20 

0.481 

1940 

666 

1470 

920 

4J33 

10.70 

0.448 

3150 

750 

1860 

1500 

4J50M 

3.20 

0.626 

1450 

390 

818 

735 

4J50Mo 

3.20 

0.486 

1700 

390 

957 

928 

HPIOV 

10.70 

0.342 

3690 

1280 

2830 



* Although individual diaciepancii^s brtwuKn obHerved and coinputsd valuiiH of (2u are fairly large, 
the average Qu values for 3-cni tubes are 800 observed and 1100 cDininited; for the two 10-ern tubes, 
1350 observed and 1725 computed. Using these average values, the ratio of the observed Qu for 
10 cm to that for 3 cm is 1.7; the theoretical value computed for wavelength scaled structures is 1.8. 


Equations (5) and (7) for copper anode blocks with dimensions in 
mils and wavelengths in centimeters take the form 

* J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942, pp. 
140-145. 
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and 


Qr holB-Knd-iJDt 70 

Qr vanr 


Vk 

= ^ /l’L± 


v» 


I) 



(9a) 

(96) 


(9r) 


r^quation (9b) shows the approximate inverse proportionality of Qr to N. 

11-4, Mode Separation. —The analysis of Chap. 4 shows that for 
double-ring-strapped tubes with do/X ^'/X less than about 0.3, the 
mode separation^ is given by Eq. (4-37). This equation may be rewritten 
as 


where 



(10a) 

(10b) 


Table 11-3 lists separations between the 7r-mode and the next lower 


mode 



as computed by Eqs. (10), together with observed values. 


Agreement is seen to be good for double-ring strapping. It does not 
apply to single-ring strapping and if used will yield wrong results, as 
shown in the table. Mode separation for single-ring strapping is less 
than that for double-ring strapping at the same C^/C^. The two 
columns labeled ‘'quantities that should be <<C 1 ” are quantities that, 
according to the analysis of Chap. 4, should be small compared with 
unity in order for Eq. (10) to be valid. From the agreement between 
theory and experiment, it appears that the criterion “small compared 
with unity” may be interpreted as ^ 0.5. This is not surprising because 
it is shown in Chap. 4 that Eqs. (10a) and (10b) are also valid for 
Cs/Cr'» 1. It is not correct, however, to assume universal validity of 
Eqs. (10) simply because they agree with more rigorous equations in tw’o 
different limiting cases. 

Table 11-3 and Eqs. (10) show that large mode separations are easily 
attained in low-voltage tubes, where \^/2‘Trrs is large. For high-voltage 
tubes, the decrease in must be compensated for by an increase in 

Cs/Ct. Large values of C's/CrTnay, however, introduce other difficulties, 
such as excessive variations in r-f field patterns along the block length 


^ For more exact restrictions, see Chap. 4. 
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Table 11-3.— The Ratio n/X, for Strapped Anode Blocks 

Va"” / 



Type of 


Cs 

Ct 

X, 


Quantities that 
should be 1 

\f-) 


Tube 

strap¬ 

ping 

Xx 

2Trrs 

a 

/87rV.,y 

e#)' 

K 

eom- 

puted 

Xx 

ob¬ 

served 

f'MlGB 

Double- 

ring 

strap 

9.90 

0.198 

3.370 

2.220 

0.013 

0.004200 

0.551 

0.57 

BM50 

Single¬ 

ring 

strap 

3.10 

0.135 

2.150 

0.626 

0.025 

0.000029 

0.783 

0.89 

2.142 

Double¬ 

ring 

strap 

3.20 

0.369 

1.410 

0.732 

0.420 

0.069000 

0.760 


72r)BTL 

Double- 

ring 

strap 

3.20 

0.450 

1.390 

0.863 

0.420 

0.180000 

0.733 

0.77 

725RBy 

Double¬ 

ring 

strap 

3.20 

0.481 

1.390 

0.690 

0.420 

0.101000 

0.768 


4J33 

Double¬ 

ring 

strap 

10.70 

0.448 

1.415 

0.898 

0.420 

0.147000 

0.725 

0.75 

4J50M 

Double¬ 

ring 

strap 

3.20 

0.626 

1.005 

0.635 

0.4B0 

0.518000 

0.783 

0.81 

4J50Mo 

Double¬ 

ring 

strap 

3.20 

0.486 

1.005 

0.547 

0.480 

0.223000 

0.803 

0.83 

HPIOV 

Single¬ 

ring 

strap 

10.70 

0.342 

0.942 

0.304 

2.400 

0.608000 

0.875 

0.95 


or displacement of other modes toward the 7r-mode wavelength. Thus 
for long, heavily strapped anode blocks, the mode nearest in wavelength 
to the TT-mode may be one with ir-mode azimuthal symmetry but with a 
node at the center of the block longitudinally. Denr)ting this mode as 
tt', Eq. (4-34) yields 


1 = — 

and 


1 tanh ^ ^ 

— - 
y/x? 

- . SttV. 

1 sin -h cos 

JVX, 

SttV, 

N\/ 

(lla) 

1 — — 

^ ~ Csy 

/X»' 

Jk 

1 coth ^ ^ 

Xx' ' 

Ibl. 

Jk 

1 sin -1- cos 

iV Xx' 

SttVa 

(11b) 
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Computed values of /X^ are listed^ in Table 11-4. 

Table 11-4.— The Ratio for Strapped Anodes 



K 

Cr 




x^- 

I iibe 

observed 

Cs 

N 


Xir' 

X. 

4,I50M 

3.2 

0.60 

2.51 

3.02 

2.15 

0.713 

HPIOV* 

10.7 

l.BB 

14.25 

10.46 

B. 89 

0.B50 


* The IIPlOV CDniiiutiitioiiH are for rlnuhle-riiiK etraiiiiinp;. althnuKh the artUHl NhainiiiiK ilhimI in 

( N \ 

2 ~ ~ 1 I-iiiDrie anil the ir'-iiiorlB are alniosl ctiually 

removed from the TT-mode for Cs/Ct = 0.34. Inrreasiiig Ca decreases the Heimiatinn from the Tr'-innde; 

/JST \ 

ilrMireasing Ca denreascs the separation from the I ^ ~ 1 )-iunde. The aclual use of siiigle-ring 


strapping on the llPlOV anode block satisfactorily displaces the 7r'-iiiode but leaves the -mode 

iinuoinfortably close. 


With long anode blocks the loAVest modes, such as = 1 or N = 2, 
can also approach the main mode wavelength and do so for the HPIOV. 
The general features of the mode spectrum of various structures are 
discussed in detail in Chap. 4. 

The preceding analysis has been found applicable to designs where' 
one or more straps are broken over one of tlie vanes to which the straj) 
is not attached. The function of the break is to distort the r-f patterns 
of one of the lower modes by interrupting the current flow at the stra]) 
break. The r-f patterns for the 7r-mode, however, are undisturbed, 
because in the 7r-mode no current normally floAVs through the location 
of the strap break. Although the strap break does function in tlu' 
above manner (see Chap. 4), correlation of the effects of strap breaks 
on tube performance is poor. Existing information indicates that in 
many cases the primary effect on tube performance is caused by tlu' 


shift in wavelength of the 



-mode resulting from the strap break. 


The subject of strap breaks will be dismissed with the remainder that 
the break removes the degeneracy of the lower modes, changing each 
into a doublet. Both components are then displaced in wavelength 
nearer to the 7r-mode. 


RISING-SUN RESONANT SYSTEM 
By S. Millman 

The general design principles of Chap. 10 apply equally well to the 
rising-sun and strapped-block resonant systems. Because of the differ¬ 
ence in structure of these two types, however, the emphasis in the design 

' For experimental verification of Eqa. (11) using data from other anode blocks, 
■see Chap. 4. 
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parameters is not the same. In the rising-sun magnetron, the strap 
design is entirely omitted, and in its place the ratio of resonator depths 
Ti appears as a new parameter. The quantity C/L, which is so important 
in strapped-tube design, has played a relatively minor role in the design 
of rising-sun magnetrons. Similarly the quantity representing the 
internal losses, is rarely regarded as an independent design parameter. 
The losses of the rising-sun tubes are less than in strapped tubes and are 
not appreciably affected by changes in other parameters that are likely 
to be made in ordinary block design. The concept of mode separation 



docs not have quite the same signiticanee in the two typf‘s of struetures. 
The choice of magnetic field for a rising-sun magnetron is more limited 
than for a strapped tube, but on the other hand there is considerably 
more latitude in the choice of the block length. 

The discussion of rising-sun anode-block design will include two differ¬ 
ent types of systems. One is the conventional open-resonator anode 
block, which gives rise in the interaction space to r-f fields that are 
approximately independent of axial position in the block. The other, 
Avhich is used principally with blocks containing large numbers of 
resonators, is the closed-end type‘ in which the r-f fields vary sinusoidally 

^ W. E. Lamb, Jr., "CIosimI End Magnetrons,” RL Coordination Minutps, B, No. 7, 
206, Jan. 24, 1045. 
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along the axis. Perspective sketches of these resonator types are shown 
in Fig. 11 and h. 

11-6. Limitations on Secondary Design Parameters. —In this section 
a brief account is given of the available information on the range of useful 
values for some of the secondary anode-block parameters of rising-sun 
magnetrons, i.e., the anode diameter da, the number of resonators iV, the 
ratio of resonator depths ri, the block height h, and t/w, the ratio of vane 
thickness to the space between vanes. 

Anode Diameter .—The limitations on the size of the anode diameter 
in the rising-sun resonant systems are somewhat similar to those in 
strapped tubes. For a given number of resonators and for a fixed value 
of the wavelength, an increase in the anode diameter decreases the wave¬ 


length separation between the 7 r-mode and the 



mode 


and 


increases the fraction of zero contamination in the 7r-mode if the ratio 
of resonator depths is held constant (see Chap. 3). Either of these 
results is, in general, undesirable. If the increase in diameter is accom¬ 
plished with no change in mode separation, as can be done by increasing 
the resonator depth ratio, the zero-mode content is increased even more. 
The theory as presented in Chap. 3 is capable of predicting the magnitude 
of these changes but cannot, of course, predict in any quantitative way 
the effect on magnetron operation. A summary of the largest values of 
anode diameters used successfully in various rising-sun magnetrons 
is presented in Table 1T5. 


Table 11 5 .—Laiigest Anode Diameters Used in Uising-sitn Magnetudns 


Typo nf aiioflc bln ok 


r/_„* 

X 


18 vano-opoii. 0.37 

22 vaiio-opon. 0.38 

26 vtiiio-opeii. 0.44 

26 vane-cloHod. 0.52 

38 vano-closod. 0.68 

* The valvio of rf./X ia not to be regarded os tho iiiaximum that can be used for a given N but 
rather os one below which good magnetron design ia certainly feasible. The upper limit for da/X ii^ 
not known. 


Number of Resonators. —Rising-sun magnetrons have been con¬ 
structed mainly Avith anode blocks of 18 or more resonators because 
these tubes were first designed for the 1-cm region where a large number 
of resonators is particularly advantageous. However, from the theory 
of the rising-sun structure and from the comparison of the behavior of 
tubes having 18 resonators Avith those of a larger number, one can safely 
predict that systems haAung less than 18 resonators should make good 
magnetrons. It is the use of a number of resonators substantially greater 
than 18 that becomes troublesome. 








Sjac. 11-5] 


SECONDARY DESIGN PARAMETERS 


473 


As the number of resonators increases, the ranges of useful A^alues 
for other parameters decrease. In the case of 18-cavity anode blocks 
there is considerable latitude regarding the other parameters. Good 
magnetrons can be built in the high-voltage region {V = 3.0 kv) with a 
considerable range of values for the ratio of cavity depths ri. Moreover, 
the performance does not critically depend on the value of a (the ratio 
of cathode-to-anode radius). For 22-A’^ane magnetrons the indications 
are that the useful ranges for ri, day and ir are not likely to be restrictive 
in anode-block design. In the case of 2()-vane tubes, however, there 
is practically no latitude in the choice of ri for high-voltage blocks, while 
for 38-vane magnetrons no combination of values has been found for Vi 
and tr that would produce even moderately fair operation at high voltages. 
In the lower-voltage region (t) ~ 450 volts), the indications are that good 
magnetron design can be obtained with 34-vane anode blocks. 

In the closed-end resonant system a considerably greater number of 
resonators is possible than in the open-resonator system. Good mag¬ 
netrons in the high-voltage region have been built with 26 and with 38 
resonators and in the low-voltage region with 34 resonators. The upper 
limit of the useful value of N for closed-end anode blocks is not knoAvn 
at present. 

Anode-block Height .—For the open-cavity rising-sun magnetrons, 
the block height does not in a first approximation alTect the 7 r-mode 
wavelength, the mode separations, or zero-mode contamination of the 
TT-mode. This block parameter can therefore be chosen independently. 
No mode instabilities have been encountered for block heights up to 
().8X. 

For magnetrons having closed-end resonators the practical block 
height falls within a rather narrow range, because the 7r-mode Avave- 
length is necessarily less than twice the block height and therefore the 
lower limit of the length is 0.5X. In order to keep the resonator sizes 
from getting unduly large, one w^ould probably not design a magnetron 
with a block •height of less than 0.55X. The block should not be too 
long, perhaps no longer than 0.7X, if one intends to produce a substantial 
decrease of the wavelengths of the resonances associated with the large 
resonators. The lengths of practically all of the closed-end blocks fall 
in the range of 0.58X to 0.72X. 

Ratio of Vane T'hickness to Sjjace between Vanes .—The ratio of copper 
to space at the anode circumference does not enter critically into the 
operation of the magnetron. An increase in the thickness of the vanes 
for a fixed value of the anode and resonator diameters increases the mode 
separation, the zero-component content of the 7r-mode, the wavelength 
of the TT-mode, and the C/L ratio. The changes are not very great and 
do not affect the magnetron operation in the same sense; thus an increase 
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in mode separation may be desirable, while an increase in zero con¬ 
tamination is not. 

Experiments with 1-cm 18-vane magnetrons to determine some 
optimum value for this ratio have not yielded any conclusive results, 
because there was no marked variation in magnetron performance for 
values in the range of 1.0 to 2.0. The value used in the standard 1-cm 
tubes is 1.5, and that in the high-power 3-cm magnetron is 1.4. Values 


in the range of 1.0 to 1.3 have been used in experimental tubes, particu¬ 
larly in those of shorter wavelengths. 

11’6. Desirable Mode Spectrum. —The theory of the rising-sun anode 
Vdock has been fully presented in Chap. 3, but a brieJ leview ol the 
essentia] charac;teristics f)f the theory as it affects the anode-block design 

will be given here. A typical 
mode spectrum for an 18-vane 
open-resonator rising-sun system 
is exhibited in Fig. 11 10. The 
variation in wavelength of the 
various resonances is plotted in 
terms of the 7 r-mode wavelength 
as a function of the ratio of thi^ 
resonator depths ri for fixed values 
of the TT-mode Avavelength, the 
anode and cathode diameters, and 
the vane thickness. For suffi- 
raently large values of ri the mode 
spectrum can be regarded as con¬ 
sisting of three distinct i)arts. 
There is a long-wavelength mvdti- 
plct (^ = 1, 2, 3, 4) which is char¬ 
acteristic of a symmetric anodc' 
block having nine resonators of 
about the same size as the large 
resonators of the rising-sun design; a short wavelength multiplet 
(n = 8, 7, G, 5) which is associated with the nine small resonators and 
corresponds to modes 1, 2, 3, 4 respectively for a symmetric anode block 
having only such resonators; and the 7r-mode somewhere between 
the two multiplets but nearer to the short-wavelength resonances. For 
a rising-sun system with more than 18 cavities, the mode spectrum is 
very similar to the one shown except that additional resonances appear 
below and very close to each of the two multiplets. 

The most important factor that determines the type of spectrum that 
will here be considered desirable is the absence of mode competition of 
TT-mode operation. This design consideration is of particular significance 



1.2 1.4 1.6 l.B 2.0 2.2 2.4 2.6 

^'i 

I'lLi. 11-10.— wiMM'l.iuiii dT all 18- 

vmiB □peu-rewoiiator riwiiiK-suii anode blork 
aa A function of the uiivity ratio ri. 
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in rising-sun resonant systems because a greater number of modes are 
generally involved than in strapped systems, and it is almost always 
possible to find a harmonic of some mode the oscillating region of which 
overlaps that of the 7r-mode, i.e., in which the value y\ for the competing 
mode is close to (A^/ 2 )Xt (see Chap. 8 ). As far as the lower multiplet is 

/N \ 

concerned, one need consider only the I — — 1 1-mode, as it is the only 
one that has ever been observed to compete with 7 r-mode operation. It 

/n \ 

was shown in Chap. ,3 that the I ^ “ 1 1-mode has a considerable 

admixture of an (n = l)-component, which increases with increasing 

/N \ 

value of ri and which renders operation in the I — — 1 1-mode less 

efficient and more difficult to build up. An increase in ri is thus likely 
to favor TT-mode operation, not only by increasing the w'avelength 


and 


e-'> 


modes but also by 


separation between the (A^/ 2 )- 

iiicreasing the contamination of the latter with the {n = 1 )-component. 
The fact that disturbance from this source appears generally at low 
magnetic fields and recedes to lower fields with increasing Vy may be 
owing to the circumstance that the radius of the (iiarge closed is larger 
at lower fields. The electrons find themselves in a i‘egion where the 
fraction of (n = l)-component is less, and they can thus more readily 


support the — 1 ^-mode. 


As far as the long-wavelength multiplet is concerned, the require¬ 
ments of a good mode spectrum favor small-wavelength separation 
between this multiplet and the 7r-mode, a condition that is generally in 
line Avith Ioav values of ri. Before discussing possible explanations for 
this requirement, the available information bearing on this subject Avill 
be summarized: 


1. For the range of Vy values that are of interest in the design of 
rising-sun systems, the ?iX values for any of the fundamentals of 
the long-wavelength multiplet are sufficiently less than (iV/2)X,r 
so that they do not form a source of mode competition with 7r-mode 
operation. The components 7 = (A/2) — n of some of the modes^ 
in this multiplet do constitute sources of mode competition. 


2 . 


Serious interference AA'ith 7 r-mode operation results if 
for n ^ 4 is close to (A/2)X,r- 



Xn 


‘ See Sec. 3-3. 
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competition from the component 



has been 


observed, but it is likely that such disturbances can be eliminated 


4. 

5. 


even if 



Xg is near (Ar/ 2 )Xx, by a suitable choice of 


O', 


the ratio of cathode-anode diameters. 

No interference has ever been observed from components of the 
(n = 2 )- and (n = l)-modes. 

Interference from the long-wavelength resonances can in general 
be eliminated if the following empirical relationship is satisfied 
for the wavelength of the mode of the upper multiplet that has 
the highest n valuf^ 


X < Xx 


N 

N - is 


A qualitative explanation for the experimental results listed above 
can be given. In the long-wavelength multiplet, y for the competing 
mode is less than N/2j so the r-f field falls off less rapidly in the direction 
toward the cathode for the competing mode than for the 7 r-mode. At the 
start of oscillations the electrons are relatively close to the cathode, and 
thus the coupling of the electrons to the component field is favored. The 
effect becomes worse as {N/2)-y increases, i.e., as n increases. This 
explains why mode competition from a long-wavelength resonance of 
smaller n value is less probable than from one of larger n (smaller 7 ). 
In addition, component operation is handicapped by the domination 
(shielding effect) of the r-f field of the fundamental associated with the 
resonance, since the fundamental content of the r-f field impairs the 
efficiency of the component operation and raises its buildup time. 
The domination increases with increasing value of the difference 


(7 - n) 



This again renders competition to 7 r-mode operation less probable from 
modes of low n value. 

A good mode spectrum for a rising-sun system requires, then, suffi¬ 


cient mode separation between the {N/2)- and 



-resonances 


and low values for the wavelengths of the long-wavelength resonances. 
The first condition favors large values of ri, while the second condition 
is more easily met with small ri values. For open-resonance blocks the 
two conflicting requirements become increasingly restrictive in anode- 
block design as the number of resonators increases and lead to the neces- 
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sity of modifications in the oscillating circuit, such as the use of 
closed-end resonatoi's. 

The dependence on N of the required mode separation between the 
(N \ . 

{N /2)- and I ^ ^ l-resonances is not well established. Evidently 

it is not necessary to have as much mode separation for a resonant system 
of large N as for one of smaller N. Thus in the case of the high-voltage 
region, D ^ 3.0 kv, 38-vane magnetrons with a mode separation of only 
about 1 per cent operate satisfactorily at low magnetic fields, whereas 
for similar operating conditions 18-cavity magnetrons require a mode 
separation of 5 per cent. In the high magnetic-field region, the high- 
power 18-cavity, 3-cm magnetron is relatively free from mode inter¬ 
ference even though the wavelength separation between the tt- and 8-mode 
is less than 4 per cent. 

11-7. Comparison between Open-resonator and Closed-end Systems. 

As the number of resonators in a rising-sun anode block increases, thi^ 
conflicting requirements of a desirable mode spectrum discussed in 
Sec. 11-6 become very restrictive. On the one hand, large ri values are 
required to overcome the decrease in mode separation between the 


iN/2)- and — 1 J-resonances, caused by the increasing anode and 

cathode diameters, and on the other hand smaller ri values are needed 
in order to avoid mode competition from the long-wavelength multiplet. 
As demonstrated in Chap. 3, however, both requirements can be met 
for large N values with the use of closed-end resonators. In this type 
of design, large ri values are used to obtain the proper mode separation 
on the low-wavelength side of the 7r-mode, and at the same time the 
wavelengths of the upper multiplet are kept low enough to avoid mode 
competition from that source. 

The probability of exciting a component of an upper-multiplet reson¬ 
ance as compared with that for starting the 7r-mode decreases as the value 
of y for that component approaches N/2. The difference {N/2) — y 
may thus be taken as an indication of the likelihood of competition from 
that source. As the number of resonators increases, the value of 
(A/2) — y will increase if y\ is to be approximately equal to (A/2)X, 
and the Avavelength ratio X/X, is to be constant. For example, if in an 
18-rcsonator rising-sun system the competing component is the -y, with 
a wavelength of 1.5X^, the disturbing component of wavelength 1.5X^ 
for a 30-resonator system will be the -V- The increase in (A/2) — y 
from 3 to 5 is believed to aid the probability of competition with 7 r-mode 
operation. This effect is further aggravated if ri is increased and the 
wavelengths of the upper-multiplet resonances are thereby also increased. 
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As a closed-end block is more difficult to build than an open-resonator 
type, it should probably not be undertaken unless it is believed that a 
system with the required number of open resonators will not be a safe 
design. One electrical disadvantage of closed-end design is that the 
block height is rather restricted, whereas in the open-resonator type, 
the height can be chosen practically at Avill. For h'igh-voltage mag¬ 
netrons, V ~ 3.0 kv. The closed-end construction should be used if 
the number of resonators required is 26 or more. In the low-voltage 
region (t) 450 volts), the use of the simpler open-resonator construction 

can be extended to a system of 30 or more resonators. 

11-B. Ratio of Resonator Depths. —In designing a rising-sun magne¬ 
tron, it is best to plan to use as small a value of ri as possible, consistent 


with noninterference from the 



-mode. 


The available informa¬ 


tion on the proper value for the resonator depth ratio for various values 
of N is based mainly on experience with magnetrons that were designed 
for operation in the low-field region {\FJ from 0000 to 10,000 gauss cm). 
The optimum value of ri for the high-held region is not necessarily tht^ 
same as that for low fields. The study of the performance of 18-vane 
open-resonator magnetrons designed for V close to 3.0 kv but with 
ri values varying in the range of 1.4 to 2.5 showed that in the low mag- 
netic-held region, values of ri less than l.G arc too low because of com¬ 
petition from the (n = 8)-mode while 7’i values greater than 2.0 are 
objectionable because of competition from the resonances associated with 
the large-resonator systems. In the high-field region, however, an rj 
value of 1.6 was found quite satisfactory for magnetrons in the same 
range of voltage. A summary of the range of probably useful A'alues of 
Ti for various values of N is given in Table 11-6 for open-resonator mag- 


Tabi.,e 11-6.— UsEFui. VAi.iriD.s OF ri, thk Ratio of Resonator Depths, for \H 
BETWEEN (lOOO AND 10,000 GaUSS/Cm 


N 

V, kv 

Range of ri 

18 

3.0 

1.7-2.0 

22 

3.0 

1.7-1.!^ 

26 

3.0 

1.75 

34 

0.4 

1.8-2.0 


netrons designed for operation in the low-held region. The lack of any 
dehnite range in ri for the .case of A = 26 demonstrates the difficulty of 
building large N, open-resonator magnetrons in the high-voltage region. 

For the closed-end system the values of ri are higher than in the open- 
resonator type. This trend is consistent Avith theoretical expectations, 
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because for a given value of ri both the mode separations and zero-mode 
contamination of the 7r-mode are less for the closed-end than for the open- 
resonator type. In the closed-end system these electromagnetic proper¬ 
ties depend, of course, on the block height as Well as on ri. One would 
expect to find smaller values of r\ with longer blocks. In closed-end 
resonant systems containing 20 cavities, values of ri from 2.1 to 2.7, for 
block heights of 0.63X, and V values of about 3.5 kv have been found 
satisfactory. The optimum value of ri is probably in the region of 2.2 
to 2.4 for this block height. Good closed-end 38-vane magnetrons have 
been built with ri close to 2.7 for a block height of 0.7X and TJ of 3.3 kv. 

11-9. Wavelength Calculations for the n-mode. —For a vane-type, 
open-resonator, rising-sun magnetron, the wavelength of the 7r-mode 
can be calculated to within 2 or 3 per cent by means of a simple empirical 
formula involving principally the perimeters of the two different reso¬ 
nators. Thus, if P represents the perimeter of the total path for two 
adjacent resonators in a block cross section, as shoAvn by the solid lines 
in Fig. IITI, then with certain restrictions the wavelength is given by 

X = P[1.03 - 0.06(ri - 1.8) + 0.05(r2 - 1.5)], (12) 

where ri is the ratio of the radial depth of the large resonator to that of 
the smaller resonator, {r^ — r„)/(r&' — ro), and is the ratio of copper 
to space, t/w. 

This formula, which is consistent with the data on 18-, 22-, and 
2()-vane open-resonator magnetrons, will apply only if the end-space 
geometry is not appreciably different from that shown in the open- 
resonator rising-sun magnetrons in Chap. 19, if the anode diameter 
corresponds to a t) near the range of 2.5 to 3.5 kv, 
and if the other block parameters are consistent 
with good tube design. For example, despite the 
fact that the decrease of the 7r-mode wavelength 
Avith increasing cathode diameter is appreciable, 
the cathode diameter does not appear in the wave¬ 
length formula, because this effect is small if one is 
confined to the range of a values that is likely to be 
used. A decrease in anode diameter, however, 
brought about by decreasing V from 3000 to 500 volts 
Avith P, ri, r 2 , and u held constant increases the 
TT-mode Avavclength about 10 per cent. 

Equation (12) should enable the magnetron designer to select the 
proper resonator diameters with sufficient accuracy for a first model. 
Subsequent small changes in the anode-block geometry, within the 
precision of tube construction, may then be made to correct for an 
initial error in the wavelength obtained. When more accurate wave- 



Fiii. 11 'll.— Gbo- 

metrical quantities 
used in the caleii- 
lation of the Tr-mode 
wavelength. 
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length predictions are needed, the formulas given in Chap. 3 should 
be used. These are based on the field theory calculations and include the 
parameters P, ri, o’, and da but omit effects of the geometry of the end 
spaces and the cathode end shields. The theoretical formulas may also 
be used for calculating resonances of the mode spectrum other than 
that of the 7r-mode. 

The wavelength calculations for a closed-end system are somewhat 
more complicated, particularly when the resonators depart from the 
sector-shaped cross section. The procedure for wavelength calculation 
of the TT-mode is outlined below for two different types which represent 
most of the closed-end anode blocks that have been used. 



(a) (b) 

Fio. 11‘12.—ClL)Mt‘tl-Piid riHiiig-sun anode bloi’-ks. (a) Vaiie-type; (6) with circular cylintlcrH 
at the back.*3 of the large resoiiatDra. 

Case 1.—Completely closed vane-type anode block (see Fig. 1112a). 

1. Calculate X °d (block of infinite length Avith no variation in 
properties along the Z-axis) with the aid of the formulas given 
in Chap. 3 or from Eq. (12), adding about 7 per cent for end-effect 
corrections. 

2. Compute the 7r-mode Avavelength from the expression 

1 _ J_ 

X2. 

where h is the block height. In the design of an anode block 
the procedure will very likely be reversed. The desired X will 
be known, and the block height Avill be decided on before deter¬ 
mining the cross-sectional geometry of the resonators. In that 
case apply Eq. (13) to compute the required value for X.. The 
perimeter of the resonators is then determined by either of the two 
procedures given in Step 1. From this value and from the 
predetermined values of the anode diameter and of the resonator- 
depth ratio the diameters of the two resonators are determined. 
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Case II.—Case II differs from Case I in that the backs of the large 
resonators are circular in cross section (see Fig. 11 ■12b). 

1. Follow the procedure outlined in Case I to determine the proper 
sector-shaped geometry to produce the desired wavelength for the 
chosen values of b,, ri, and da- 

2. Using the formulas or curves given in Chap. 3 for the admittance 
of circular- and of sector-shaped cavities, design the proper hole 
geometry to give the same admittance at plane A (see Fig. 11 ■12b) 
as that obtained with the section of replaced sector-shaped cavi¬ 
ties. If the circular section is designed to give the same cross- 
sectional area as the replaced sector section, the wavelength 
generally turns out to be too low, because that region is not com¬ 
pletely inductive, whereas if the substitution is based on preserving 
the perimeters, the resulting wavelength is too high. The proce¬ 
dure of determining equivalent admittances may also be followed 
where the substituted portions of the resonators have other than 
circular geometries. 


OUTPUT 

By W. V. Smith and S. Midlman 

11*10. General Properties of Coaxial and Waveguide Outputs. —The 

function of the output of a magnetron is to couple the r-f energy generated 
in the tube to a useful load. To accomplish this end, the output must 
have the following properties: (1) As a circuit element, it must transform 
the load impedance to some desired level inside the tube. (2) As a 
physical element joining the evacuated tube to a transmission line, it 
must contain a vacuum seal. (3) As a section of transmission line, it 
must be capable of transmitting the high average and pulse powers 
generated by the magnetron. 

The circuit properties of the output are treated in Chap. 5. For 
magnetrons that do not differ radically from the examples shown in Chap. 
19, the analyses of Secs. 5-4, 5^5, 5-6, and 11-2 may be used to estimate the 
suitability of a given output design for the particular block geometry and 
loading requirements involved. The t 3 rpe of output is determined by 
requirements of mechanical strength, constructability, size, pulse or 
average power transmission, and frequency sensitivity. 

At 1 cm, waveguide outputs are the logical choice, because at this 
wavelength the construction of waveguide outputs is simpler and more 
reproducible than coaxial outputs, and coaxial lines will withstand only 
about 20 kw of 1-cm pulse power. At 3 cm, where the ultimate trans¬ 
mission line is also waveguide, waveguide outputs are generally used, 
although coaxial outputs embodying coax-to-waveguide transitions are 
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.satisfactory for pulse powers under 50 kw. The ultimate transmission 
line for 10-cm radiation is generally coaxial for pulse powers less than 
200 kw and waveguide for pulse powers in excess of this amount; wave¬ 
guide is also used to transmit average powers greater than 400 watts. 
Consequently, 10-cm magnetrons that deliver less than 200-kw pulse 
or 400 watts average are equipped with coaxial outputs, while more 
powerful tubes are designed with either waveguide outputs or coax-to- 
w^aveguide transitions. The large size of w^aveguide equipment at lO-cm 
makes it uneconomical to use this type of construction for operation at 
low-power levels. 

For linear scaling to different wavelengths, the percentage fretiuency 
sensitivity is unchanged, whereas the change in size affects the break¬ 
down powder w^hich scales as the square of the w^avelength. In coaxial 
line, at a fixed wavelength, the breakdown powder scales as the scpiare 
of the diameter of the line, assuming that the characteristic impedance 
is maintained constant and the lead construction is similar. Both of 
these conclusions are dependent upon the assumption that at atmospheric 
pressure, breakdown will occur above a maximum field strength 
that is indei)endent of w'avelength. The breakdown voltage decreases 
as the duty ratio increases, and for c-w operation it is considerably below 
the pulsed values. 

11-11. Coaxial Outputs.—The observations in this section are con¬ 
cerned with outputs designed for wavelengths in the vicinity of 10 cm. 
However, the data specific to a given w^avelength may be scaled at least 
qualitatively. Figures 11-13 to 11-15 illustrate coaxial leads designer! 
for loop couplings. As shown in Chap. 5, other types of coui)ling may 
be used, however, depending on the external Q desired and the type of 
magnetron under consideration. Whenever possible, the coupling is 
designed to give the desired loading at a minimum shift in tube wave¬ 
length and with a minimum frequency sensitivity, the rest of the lead 
being kept as well matched as possible. This technique generally 
improves the breakdown properties and minimizes the complexity of 
construction. In special cases, however, it is possible to cancel one 
reflection with another and one frequency sensitivity with another by 
use of the method given in Sec. 11-12 for coaxial-to-w'^aveguide 
transitions. 

Frequency Sensitivity .—A typical medium-powder coaxial output for 
ff-in. line is shown in Fig. 11-13. The lead consists of a section of line A 
of characteristic impedance Zaj a taper B, a section of line C of charac¬ 
teristic impedance Zc, a glass seal D, a choke joint Ej a section of line F 
of characteristic impedance Z/, a connecting “bullet” G of the same 
characteristic impedance Za as the final coaxial line, and a quarter-wave 
transformer H of characteristic impedance Zh. The lead is terminated 
by the final matched transmission line of characteristic impedance Z^,. 
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A more simplified design is shown in Fig. 11-14 in which the elements 
Ay By Cy and D are essentially similar to those of Fig. 11-13 but in which 
the single series impedance J in the outer conductor replaces elements 
Ej Fj and G. The elimination of the transformer is made possible by 
setting the size and penetration of the loop to give the desired external 
Q. The design of Fig. 1114 is mechanically sturdier than that of Fig. 



Fia. 11-13. 2()0-kw pulse-ptiwer coaxini mitput anil irtiuplin^ .siM-titni with [‘hoke joint. 

1T13 and is also less frequency sensitive, because it contains no large 
discontinuities of characteristic impedance. 

The improvement in the design is primarily due to the use of the 
Kovar-to-glass sealing technique.^ The use of a Kovar cup rather than 
a small tungsten lead for the inner conductor allows a construction that 
fits into a standard r-f coupling, and the short length of J eliminates the 
necessity for the choke joint. 




■SSSSSSbS 


Fiii. 11-14.—30()-kw piilae-power coaxial output and coupling acetion without choke joint. 

A calculation of the series impedance introduced by section J shows 
that it is negligible. Thus, with J tV in. long, the outside diameter 
Tif in., and the inside H in., the series impedance is given by 


Zj = GO log. jj tan = 8 


ohms. 


As the line characteristic impedance is 48 ohms and the loop impedance 
usually of the same order of magnitude, Zj can be neglected. 

The glass seal approximately halves the characteristic impedance 
of the line in the region of the bead but leaves the impedance practically 
unaltered where the glass is thin and near the outer conductor. Assum- 

^ It should be noted, however, that the No. 704 glass which is used in making 
Kovar seals is more lossy than the No. 707 glass used in the tungsten seal of Fig. 11-13. 
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ing the bead length to vary up to a maximum length of \ in. or X^/8 
(allowing for the short wavelength in glass), the resulting impedance 
transformation represents an effect comparable in magnitude to the loop 
impedance. As a rule no attempt is made to balance out these two 
impedances. 

A modification of Fig. 1114 is illustrated in Fig. 11-15 which shows 
a drawing of a lead for a l|-in. line. The design of Fig. 11T5 differs 
qualitatively from that of Fig. 11T4 because, in the larger size, a longer 
length of Kovar is necessary for a satisfactory metal-to-glass seal and a 
half-wave choke must be included. From the dimensions shown it may 
be calculated that the frequency sensitivity of the choke joint is negligible. 
In conformity with standard choke-joint design, the frequency sensitivity 

of the choke joint is minimized 
by making section A of relatively 
high characteristic impedance and 
section B of low characteristic 
impedance. Section B is thus 
terminated at its junction to A 
by a high impedance that, trans- 

Fiq. 11 16.—800-kw piilsB-pDwer coaxial formed down a quarter wave- 

output and coupling section with choke ^ a j- i • 

joint. length ol low-impedance line, 

becomes a very low impedance. 
The junction C between the output lead and the connecting section 
appears in series with the high impedance terminating B, and its nature 
is therefore not important. 

Occasionally leads exhibit sharp resonances that markedly affect 
the tube loading, the efficiency, and the lead-breakdown power. These 
resonances result from weakly coupled resonant circuits such as that of a 
choke joint operating in a mode where the circumferenc.e of the choke is 
equivalent to one guide wavelength. For large circumferences these 
modes occur near the principal coaxial mode, particularly if a section 
of the choke joint is capacitance loaded by the glass of the seal. Inside 
metal-to-glass seals eliminate this difficulty but are usually less rugged 
mechanically. 

Voltage Breakdown and Average Power Transmission .—^For a given 
output power P into a matched line of inner and outer diameters a and h 
the mean squared electric field hi at the center conductor is 




60P 

a^ log - 
a 


(14) 


The relative values of El, for h/a = 6.5 as in the design of Fig. 11-13, 
for b/a = 2.17 as in the design of Fig. 11-14, and the optimum value of 
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h/a = 1.65 are 4.0, 1.2, and 1.0 respectively. A further increase in thr 
diameter of the center conductor over that given in the design of Fig. 
1114 would therefore have small value. 

To minimize surface breakdown, the glass seal should present a long 
path to the electric field, and the component of the electric field parallel 
to the glass surface should be 


Re¬ 


made as small as possible, 
entrant glass surfaces with cre¬ 
vasses between the glass and the 
outer conductor should be avoided 
because localized high-frequency 
discharges take place in the crt'- 
vasses and the glass is eventually 
ruptured. 

Safe pulsed ratings for all 
phases of a 1.5 SWVR are 200 
kw‘ for the design of Fig. 11 13 
and 300 kw for the design of Fig. 

11 14; average power ratings are 
250 and 450 watts respectively. 

On the basis of the scaling 
laws, the breakdown power of the 
high-power lead of Fig. 11-15 is 
computed to be 1000 kw. This 
design may be conservatively 
rated at 800 kw, although it will 
usually pass 1500 kw into a well- 
matched line. On average poAver 
transmission, it will safely pass 
1.5 to 2 kw and with forced-air 
cooling has transmitted 3 kw 
experimentally. 

11-12. Coaxial-to-waveguide 
Transition s. —Coaxial-line-to- 
waveguide transition sections^ are 
illustrated by the '‘doorknob'^ 
transition type of Fig. 1116 and the "probe” type of Fig. 11-17. 

The breakdown characteristics of the doorknob transition are similar 
to those of a lead terminated in a coaxial line. The probe type, however, 



11-16.—lO-cm, 800-kw pulse-powBr 
“doorknob” traiiBition for If-in. coaxial line 
to IJ- by 3-in. waveguide. 


‘ The breakdown data given in this section refer to pulsed operation at 1 /xsec, 
1000 PRF, and remain valid as the pulse duration and repetition frequency are 
varied by a factor of 2. 

* See Vol. 9, Chap. 6, Radiation Laboratory Series, for a detailed treatment of 
this subject. 
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lias been improved in this respect by the location of the glass seal in a 
region of low electric field. At 8.5 cm the probe transition is rated at 
800 kw as compared with 500 kw for the doorknob type. The frequency 
sensitivity of the probe design is also superior to that of the doorknob. 
A set of data showing the frequency sensitivity of the probe transition 
of Fig. 11T7 is given in Fig. 11-18 in which the standing-wave ratio 
in the coaxial line is plotted as a function of wavelength, the waveguide 
being terminated in a matched load. To attain the low-frequency 
sensitivity shown in Fig. 11T8 it is necessary deliberately to mismatch 



Fih. 11'17.—8-5-rm, 800-kw pulse-power "probe” transition for coaxial line to 1 J-by 3-iii. 

waveguide. 



Wavelength in cm 

Fni. 11-18.—Frequency characteristics of a "probe” transition shown in Fig. 11-17. 

the junction of probe to waveguide and then to cancel out the resultant 
reflection by an inductive iris in the waveguide. This procedure sets 
up standing Avaves in the transition section and may reduce its break¬ 
down power, but the sacrifice is unavoidable if broadbanded transition 
is desired. The theory of this type of broadbanding is given 
in Vol. 9, Chap. 6. 

11-13. Waveguide Outputs.—^^The two important components of a 
direct waveguide output for magnetrons are the windoAA^ and the trans¬ 
former. The Avindow functions as a vacuum seal and an r-f connection 
between the internal and external guides, and the transformer transforms 
the load impedance to a value proper for magnetron operation. The 
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design information presented in the following sections is restricted to 
component types that have been widely applied. The discussion oF 
windows is limited to those of the circular cross sections, because this 
type of Avindow is easily manufactured in a reproducible Avay and has 
been used in almost all of the magnetrons with direct Avaveguide output. 
Similarly, most of the discussion on transformers is devoted to the 
quarter-Avave type, a design for AAhich considerable information is 
available. A description of the circular iris output, used ^^ ith a half¬ 
wavelength stabilized cavity, is included in Secs. 1T14 and 11 15. 

The Window .—A good AAdndoAV should be almost lossless and almost 
reflection!ess. A practical approach to a lossless AvindoAv for 1.25-cm 
magnetrons is shoAAn in Fig. Il l 9. The design embodies a Ioav-Ioss 
glass (Corning No. 707) sealed in the base of a KoA^ar cup. Electrical 


707 Glass window 


0.170" 



0.250"dia. 

Waveguide, 
0.170'’m 0.420" 


Kovar cup 
Copper ring 


1 

Filj. 11-19.—Winiluw fni- (lie wfiV’OKuiiiL^ 
output of a 1.25-i;m ma/i:iiPtron. 



004 0.06 D.OB 0.10 


X 

Fiii. 11-20.— \A {LVPKuiil.o-wiiiiJrjw disuii- 
cter d vonuiipd for inatrh a.s a, funi-tion of 
Kla.s.s tliickiiesH i. 


contact bet\A'een the windoAV and the guide is eflected on each side by 
means of standard r-f chokes, one of A\hich is sIhiaati in the figure. 

The nonreflecting property of the glass Avindow is achieved by the 
choice of the proper diameter and thickness for the glass. A nonreflecting 
Avindow may be looked upon as a short circular w ua eguide of the same 
characteristic impedance as the rectangular guides between Avhich the 
AvindoAv is inserted. The characteristic impedance of circular guide 
increases AAoth decreasing diameter, and a rectangular guide of high 
characteristic impedance therefore requires a AvindoAv of small diameter. 
The comparison should not be used for quantitative calculations, hoAvever, 
because the AvindoAV thickness is only a small fraction of a Avavelength and 
also because the end effects play an important part in the matching of 
the windoAv to the guide. This is verified by the fact that the proper 
windoAV diameter for nonreflection is not independent of thickness. 
Figure 11-20 shoAvs a plot of the obser\u‘d A\indoAV diameter required for 
match as a function of AvindoAv thickness for one fixed set of guide dimen- 
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sions. A procedure that is commonly followed in designing a window is to 
choose the thickness on the basis of mechanical considerations and then 
to determine the diameter by testing for nonreflection. The thickness 

of windows in common use ranges 
from 0.02\ to 0.04X, and the diam¬ 
eters from 0.4X to 0.8X. It is not 
difficult to make windows with 
reflection coefficients of 0.05 or less 
for guides transmitting r-f power 
at 1-cm or longer wavelengths. 

Although the breakdown 
strength of the window design in 
Fig. 11-19 is considerably better 
than that of a coaxial output, it is 
inadequate for high-power magne¬ 
trons. Arcing at the window 
may occur at about one-quarter 
the power required to break down 
the guide itself because of the 
sharp physical discontinuities be¬ 
tween the circular window and the 
rectangular guide, particularly at 
the center of the guide where the 
electric field is strongest. Initial 
attempts at rounding the cor¬ 
ners of the guides have led to a 
systematic and reproducible 
method of chamfering the guide 
to obtain a physical match be¬ 
tween the guide and the window (see Fig. 1T21). 

When the guide is chamfered at the window boundary, there is a 
twofold improvement of the breakdown strength. Not only arc the 
sharp discontinuities removed, but also there is an increase in the diam¬ 
eter of the window required for match. This increase in diameter may 
be regarded as resulting from the fact that the chamfering has served to 
introduce shunt inductances on both sides of the window and that this 
is balanced by the equivalent shunt-capacitance effect of a large window. 
As the nonreflecting properties are achieved by a balance of shunt 
Busceptances, the spacing between the window and the guide should 
be the same on both sides of the window. For the chamfer design 
shown in Fig. 11-21, the diameter of the window is about 35 per cent 
larger than for ordinary guide and the power-handling capacity of th^ 
guide is almost doubled. With this type of window geometry a pulsed 



- Kovar cup 

Fig. 11-21.—WavpguidR window for cham- 
ferpd guide. 
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Fig. 11 ■22.— Standing-wavB vDltagi* 
ratio introduced by window and chokes, 
as a function of wavelength, for a win¬ 
dow design that includes chamfered 
guides. 


power of over 700 kw has been transmitted without arcing at atmospheric 
pressure for ai*3-cm magnetron operating with a pulse duration of 0.5 /isec 
and terminated with a matched guide. 

The available data on the broadband properties of the combina¬ 
tion of window and r-f chokes for the two types of window geometries 
discussed above do not permit a good evaluation of the advantage or 
disadvantage of chamfering the guide from the standpoint of frequency 
sensitivity. The range of wave¬ 
lengths for which a given window 
will introduce a reflection coefficient 
of 0.1 or less is of the order of 20 per 
cent for either type and can probably 
be improved if the broadband prop¬ 
erty of the window is taken into 
account when the window geometry is 
designed. A typical plot of the stand¬ 
ing wave introduced by the window 
and chokes as a function of wave¬ 
length is given in Fig. 11-22 for a 
window design that includes cham¬ 
fered guides. The details in the curve 
are not always reproduced, but the general appearance of the curve is 
similar for windows of presumably identical construction. 

The low-loss No. 707 glass that is used in windows is adequate for 
ordinary magnetrons but is inadequate for outputs transmitting high 
average power. Thus with 3-cm radiation, 500 watts of average power 
is close to the upper limit that can be transmitted through the window 
without the use of special cooling devices. As the losses in glass increase 
with temperature, a ^‘blow-inof the window becomes a serious limita¬ 
tion in the high-power tubes. The substitution of mica for glass seems 
to offer a good solution to the high-power problem because the loss in 
mica is about 15 per cent of that in No. 707 glass. The technique of 
constructing mica windows for waveguide outputs is given in Sec. 17-4. 

The Transformer .—The transformer in a waveguide-output design 
serves as an impedance-matching device that reduces the high impedance 
of the waveguide used in power transmission to a value sufficiently loW' 
(about one-hundredth of the guide impedance) to effect the proper 
loading for the magnetron. A simple form of such a transformer is a 
quarter-wave section of waveguide of rectangular or other cross section 
which connects one of magnetron resonators to the short section of 
standard w^aveguide used in the output. At the transformer-resonator 
boundary the current is continuous, so that the axial current in the 
transformer is equal to the r-f current in the back of the resonator. 
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Thp impedance required at the resonator depends on the block geometry 
and the desired stability of the magnetron; i.e., on the external Q. This 
(luantity may be written in the form 

N 


“ 25 '- 


I'i 


Qf. = 


t-1 


1k7- 


(15) 


where h is the equivalent inductance of a resonator, Ik is the current 
amplitude in that resonator, / is the current amplitude at the transformer- 
resonator boundary, R is the real part of the impedance presented by the 
load at the resonator, and the summation extends over all the resonators. 

For a strapped anode block the values of Ik are the same ftir all 
lesonators. Furthermore, if the loading is assumed to be sufficiently 
light, the current amplitudes will be nearly the same in all resonators 
and the quantity Qe will assume the simpler form 


Qk — 




( l (‘0 


Thus when the effective inductance of a resonator of a strapped block 
is known, and when Qe is specified, the required load is determined. 

Equation (10) is not valid for open-resonator rising-sun blocks because 
the equivalent inductance of a smairresonator is less than that of a large 
one and l)ecause the current amplitude in the back of a small resonator is 
greater than tliat in a large one. For this type of magnetron design, then, 
Eq. (15) will take the form 


Qk = 


wN{UI\ + hll) 

2Rr- 


(17) 


where lx and Ii refer to the small resonators, and I 2 refer to the large 
ones, and light loading is assumed as before. It follows from this expres¬ 
sion that the recpiired load will depend on Avhether the output is taken 
from a hu ge or from a small resonator. When the output is taken from a 
large resonator, as has Ijeen the case in all rising-sun systems, Eq. (17) 
becomes 



and as h is greater than /. 2 , Qe is greater than uN{li + ly)/{2R). When 
the output is taken from the small resonator, hoAvever, Qe is less than 
u)N{li + l 2 )/i 2 R). It follows, therefore, that in the rising-sun system 
the required load is not uniquely determined by the block geometry 
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and the specified Qe. Thus when Qe is defined for a rising-sun magnetron 
in terms of an equivalent inductance of a simple series resonant circuit 
Qe = u)L/Rj it is implied that the equivalent value of L depends upon the 
resonator that is used for the output. This simply emphasizes the fact 
that the definition of an eiiuivalent inductance for a resonator is, in 
general, not unique and depends on the current distril)ution in it. 

Closed-end rising-sun systems require a considerably greater load 
resistance for a given Qe than do the open-resonator systems, because 
the closed-end resonators contain two different kinds of oscillating cur¬ 
rents. One is the usual radial-circumferential current which is associated 
with an axially oscillating magnetic field; the other current is transverse 
and is associated with radially oscillating fields. The transverse current 
does not couple to the transformer, because its amplitude vanishtvs near 
the output. However, a considerable amount of stored energy is asso¬ 
ciated with the transverse current, particularly when the block height 
is close to a half wavelength, and this increase in the total stored energy 
of the block requires an increase in R to maintain the same Qe- The 
actual value of R depends on the block height; for some closed-end 
designs a value six times as large as that needed for the open-resonator 
type has been found necessaiy. 

11-14. Waveguide Transformers. The Rectangular Transformer .—A 
simple type of quarter-wave transformer consists of a section of angular 
waveguide. With this type of transformer, neglecting end effects and 
assuming that the Avindow does not reflect and that the waveguide used 
for the power transmission is terminated AAith a matched load, the 
impedance presented to the output resonator of the magnetron Avill l)e 
real and given by the expression 


7 ^ 

A/ nr ^ 
Aju 


(i9j 


where Zn is the characteristic impedance of the guides on each side of 
the Avindow and ZJ is that of the transformer guide. From the V^/w 
ilefinition of impedance of a guide, the expression for Zo and Zq in terms 
of the respective guide dimensions a, b and a', b' arc, in units of 377 ohms, 




( 20 ) 


Substituting Eq. (20) in Eq. (19) the expression for Z becomes, in units 
of 377 ohms. 


V _ «r / ^ w r /x 

^ b "(zd') J “(^)J ■ 


If a, a', and b are kept constant, as is usually the case when one is deter¬ 
mining the proper loading for a given magnetron, the impedance is 
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directly proportional to the square of the narrow dimension of the trans¬ 
former. Having measured Qe for a block with a given transformer 
geometry, it is simple to determine the proper value of for any desired 
loading. 

To ensure that the load presented to the magnetron resonator is 
one of pure resistance, it is necessary to take into consideration the end 
effects that were neglected in the preceding discussion. It is relatively 
simple to determine the equivalent shunt reactances associated with the 
physical discontinuities at the ends of the transformer and allow for 
them by a small departure of the transformer length from the value 
X„/4. An experimental procedure for determining the proper trans¬ 
former length has been described.^ 

The broadband characteristics of the rectangular waveguide trans¬ 
former are satisfactory for ordinary magnetron operation. The variation 
of the magnetron load with frequency can be seen in the expression for 
the impedance presented at the transformer-resonator boundary for 
arbitrary lengths of the transformer; namely 

+ j tan 27r — 

_ r/r ^0 

— Zq - y - p 

l+j^^tan2,r^ 

Zo 

Avhere it is assumed that the impedance at the window end of the trans¬ 
former is Zo and that I is the effective length of the transformer, where 
end effects have already been taken into account. For values of I 
close to X„/4 one may Avrite 

Z = E+jX = Z'o CSC* ^ - jZ{, cot (22) 

The broadband characteristics of the output will be determined by the 
dependence of the real part of Z on wavelength and by the effect on thr* 
r-f current in the output cavity produced by the imaginary part of Z. 

The dependence of R in Eq. (22) on wavelength is not very marked. 
The factor ZJ/Zo can be made independent of X by making a' = a, and 
for a well-chosen guide a change in wavelength of 10 per cent will effect 
Zq by only about 5 per cent and csc^ {2Tl/Xg) by less than that. The 
frequency dependence of R can be further improved by making a' some¬ 
what greater than a, as shown in Fig. 11-23, Avhere R/Rq is plotted as a 
function of X/Xo for various values of a' and a, the large dimension of the 
transformer and output .guide, respectively. The transformer dimen¬ 
sion b' is chosen to give the desired R value (72o) at midband (Xq). 

^ S. Millman, “ Waveguide Output fnr 1.25-pm Magnetrnns,” NDRO 14-24.5, 
Feb. 1, 1944. 



SfiC. 11141 


WAVEGUIDE TRANSFORMERS 


4l);i 


The effect of the imaginary part of Z, aside from th© small change in 
the magnetron wavelength and the almost negligible distortion in the 
mode pattern, is to alter the r-f current in the output cavity. Assuming a 
fixed r-f voltage across the mouth of the output resonator, the change in 
current will be given 

I ^ Vii^Lr +iri . 

/n \/(coL + xy + 

where lo is the current amplitude at midband and L is the equivalent 
inductance associated with the output resonator. The effect of this 
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Fig. 11-23.—Resiativo componGnt of maKnetron load va. wavelength for various combina¬ 
tions of the dimeiisiDii o of the transformer guide and the external guide. 

current change on Qa' is, according to the definition of Qe as given in 
Eq. (15), to multiply Qa by a factor that is to a first-order approximation 
[1 + (X/cuL)]^, wherein the effect of X on the total stored energy of the 
magnetron has been neglected. This factor is easily evaluated from the 
definition of X as given in Eq. (22) when the value of L for the output 
resonator is known. 

The Transformer of H-shaped Cross Section. —For magnetrons with 
short block heights, the large size of the dimension a' of the rectangular 
waveguide transformer may prove mechanically inconvenient. With 
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the H-type waveguide, however, an effectively large a! can be achieved 
with small physical sizes. A transformer of this guide shape has been 
used in the output design of the. 4J50 magnetron described in Chap. 19. 
The relative dimensions of this //-type cross section and the output wave¬ 
guide are shown in a drawing of the transformer-guide boundary (Fig. 


11-24). 

The proper transformei* length is obtained by determining \y in 
this type of guide and by CA aluating the end corrections at the boundaries. 

The value of can be either measured experi¬ 
mentally or calculated as shown in Sec. 5-6. 
The end corrections can be determined in the 
same way as those for Ihe r(M*tangular guide 
transformer.^ 

The requircal transformer Avidth depends 
on the load to be presented to the magnetron 
at the output resonator. However, in this 
type of transformer the effective resistance at 
the output resonator depends not only on the 
characteristic impedance of the Il-section and 
of the output Avaveguidt^ but also on the trans¬ 
former action at the boundaj-y betAveen the 
waveguide and transformer. This is a result 
of the fact that the coupling bet\A'een the 
transformer and waveguide exttaids over only 
a fraction of the total height of the guide. 
The calculations for this effect are given in 
Sec. 5-6. The effect of the difference in height 
betAA een the transformer and aa aveguide is to 
require an increase in the transformer aa idth. 
The dependence of the resistance on the 
square of the transformer Avidth holds for the 
H-section as aa cII as for the rectangular w aA e- 
guide type and can be used for correcting 
initial errors in the design. 

The frequency dependence of the H-section transformer is very similar 
to that of the rectangular waveguide type. When good broadband 
characteristics are required, the dimensions of the H-section should be 
chosen in such a way as to yield a cutoff wavelength in the transformer 
that is at least as long as that in the output Avaveguide. 

The Iris Transformer .—A method has been developed for controlling 
the magnetron loading by means of an iris-type transformer in conjunc¬ 
tion AAith a stabilized caAuty.^ The stabilizer is in the form of a half- 



I'lLJ. 11-24. KL'lutivy sizes 
of H-section triiiiafoniier anti 
output waveRuidc in the 4J50 
output. 


> Ibid. 

^ A. Nordsieck, “New U-f Output TransFoniiPr for K-baiid Magnetrnn,” RL 
Cnnrdinatioii Minutpn, 7, 45, kSnpt. 13. l!H4. 
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wiivplongth Heetion of rectangular waveguide inserted between the output 
guide and one of the magnetron resonators. The strong coupling required 
l)etAveen the cavity and the resonator is achieved V)y means of a rec¬ 
tangular resonant iris, while the comparatively Aveak coupling between 
the cavity and the output guide is obtained with a circular iris in the 
thin wall separating the cavity from the output guide. The diameter 
of this iris determines the magnetron load. The stabilizing properties 
of the half-wavelength cavity Avill be further discussed in Chap. 16. 
The discussion in this section will be concerned with the proper cavity 
length for a pure resistive load, the 
dependence of Qe on the diameter of 
the iris, and the frequency sensitivity of 
the iris-type transformer. 

4'he proper length for the stabilizing 
cavity is that length Avhich does not 
change the resonant wavelength of the 
anode block. The departure of this 
length from \,i/2 is due to end effects. 

At the resonator end of the cavity, a 
lesonant iris gives maximum coupling 
betAveen the cavity and the resonator 
and also eliminates any shunt suscept- 
aiice at that junction. An experi¬ 
mental setup for determining the proper 
iris length is shoAvn in Fig. 11-25. A 
rectangular iris of arbitrary width and 
thickness and of length h is soldered to 
a short section of av aveguide having the 
same cross-sectional dimensions as the 
stabilizing cavity. The source of r-f 
poAver and the standing-wave detector are attached to the othiu’ end of 
the guide. Taa^ sections of parallel-plate transmission line having the 
same cross-sectional dimensions as the back of the output resonator of 
the anode block are alternately butted up against the iris. The length L 
of one of these sections is Xd/4, and that of the other is Xn/2. The experi¬ 
ment consists of varying the length of the iris h and recording for each 
A alue the minimum position of the standing wave Xm for each of the 
two parallel plate sections used. The criterion for resonance is that iris 
length AA^hich yields 

This method of determining the length of the resonant iris avoids 
the need of making assumptions concerning the proper geometrical plane, 




Fig. 11-25.— Experimental setup 
for the detE>r in illation of the proper 
iBiigth h of a resonant iris. 
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in an iris of finite thickness, that would represent the electrical location 
of the junction between the cavity and the resonator. 

At the guide end of the cavity a correction to the cavity length is 
required because of the equivalent shunt susceptance of the circular iris. 
In Vol. 10 is given the value of this susceptance fur circular iris dia¬ 
phragms of infinitesimal thickness. It can also be deduced for an iris 
of finite thickness from the measurement of the external Q of a half-wave 
cavity coupled to waveguide by such an iris. However, because of the 
ambiguity in the electrical reference plane, the knowledge of the shunt 

susceptance is not quite sufficient 
to determine the end correction. 
The proper cavity length can be 
obtained experimentally by attach¬ 
ing the whole coupling unit, includ¬ 
ing the resonant iris, to an anode 
block of known resonant wave¬ 
length and observing the resonant 
wavelength of the entire combina¬ 
tion as a function of cavity length. 

The loading of the magnetron 
is controlled by the diameter of the 
circular iris, and the external Q is 
a])proximately proportional to the 
sixth poAver of the diameter. It is 
still easier to control the external Q 
with this type of coupling device, however, than it is with a quarter- 
wave transformer, particularly at short wavelengths. 

The major disadvantage of the iris-type transformer is its frequency 
sensitivity. "J"he observ^ed dependence of Qk on the resonant wavelength 
of the combination of anode block and stabilizing cavity is shown in Fig. 
II 26 where the change in wavelength was obtained by changing the 
length of the cavity ami keeping the anode-block resonance and dimen¬ 
sions of the two irises fixed. This cuive indicates one reason why it is 
necessary to match the resonant frequency of the cavity to that of the 
block. The electronic efficiency of the magnetron is also affected by an 
appreciable mismatch of tlu^ resonant frecpiencies. This type of trans¬ 
former is therefore not suited for use in a magnetron in which a tuning 
range of more than a few per cent is required. Neither is it advisable 
to use this coupling device with experimental magnetrons, because it 
may aggravate the problem of mode competition from resonances having 
wavelengths appreciably' different from that of the 7 r-mode. It should 
be introduced into a block design only after all disturbances to the proper 
magnetron operation due to other modes have been eliminated. 



0.9B 0.99 1.00 1.01 1.02 


Xq 

I'lij. 11 20.—The nbiserviMl (leijciiclem-i- 
of the exteniiil Q on tliB lesDiiant wave¬ 
length of the c.ombinjition i)f anode block 
and Miabilizing letsonator. 
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11-16. Examples of Waveguide Output. —A brief description of the 
important features of waveguide-output design will be given in this 
section for three output types that have found wide application in short- 
wavelength magnetrons. 

Output Design for High-power 1-cm Magnetrons .—Figure 11*27 shows 
a waveguide output that is essentially the one used for the 1.25-cm 
3J31 magnetron and for other tubes in this wavelength region. The 



Fiq. 11-27.—A typical wavcRuide output for 1.25-cm magnetrons. 


chamfering of the guides at the window i)ermits the transmission of 
pulsed powers up to 130 kw at atmospheric pressure. The traiisformei- 
dimensions shown in the figure give an external Q of about 400 for 
the 3J31 tube. The required transformer dimensions for open-resonator 
anode blocks having more than 18 resonators are not appreciably differ¬ 
ent. Scaled versions of this design have been used in the high-power 
3-cm rising-sun magnetron and in tubes of wavelengths less than 1.0 cm. 

Output with H‘SecAion Transformer. —This output, shown in Fig. 1T28, 
has been used in the 16-resonator, strapped, high-power 3-cm magnetron, 
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the 4J50. The dimensions given in the drawing are appropriate for an 
external Q of about 350. The wdndow design is similar to that of Fig. 
11-27, except that the guides have not been chamfered. 

Stabilized Iris Output .—Figure 11-29 shows the important dimensions 
of the half-wavelength stabilized cavity and the tA\ o irises for the stabi¬ 
lized iris output used in the 1.25-cm, 18- 
vane, rising-sun 3J21 magnetron. The 
windoAv end of the output guide is almost 
identical with that of Fig. 1T27. The 
dimensions of the cirtailar iris are appropri¬ 
ate to an external Q of about 550. As a 
result of the stabilizing cavity the Qo valur* 
of this tube is about 1.0 as great as that of 
a magnetron having the same anode block 
but a simple rectangular-guide transformer. 

11-16. End-space Geometry. Disturb¬ 
ances Produced by End-space Resonances .— 
In designing a magnetron anode block 
attention may have to be given to the end 
regions surrounding the resonators. The 
dimensions of the end spaces have not been 
taken into account in the design of the 
essential resonator dimensions, partly be¬ 
cause of the general difficulty of handling 
end effects and partly because in most cases 
the magnetron mode spectrum is not 
appreciably affected in a manner that would 
interfere with 7r-mode operation. Tht‘ 
effects on the Avavelength and on the niodt‘ 
separation that are produced by changes in 
the end spaces can usually be compen¬ 
sated for by relatively small changes in 
some parameter of the resonant system. The end regions are frequently 
not ‘‘designed,’" therefore, but simply assume a geometry that is dictated 
mainly by mechanical considerations after the requirements of the more 
essential tube parameters such as block height, pole gap, and output 
transformer have been satisfied. Such a procedure does not always 
lead to a good magnetron design. Tube resonances other than those 
associated with the nonnal magnetron modes may couple to the electrons 
in the interaction space at the same voltage and field values as the 7 r-mode, 
thus offering considerable disturbance to the operation of the magnetron. 
For such oscillations, the end spaces store a considerable fraction of the 
r-f energy and therefore determine the wavelength of the disturbing 



Fig. 11-28. The H-snctiim 
tranyfDriller used in the 3.2-iiiii 
4J5D maKiieli'Dii. 
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rnfionancns and the conditions for maximum intniereiu'e Avith nr)nn:d 
magnetron behaAnor. 

Althuup;h the following discussion on the need of (‘nd-s])ai'e design 
is based principally on the experience gained with rising-sun magnetrons, 
it is not to be inferred that magnetrons having strapped blocks are 
necessarily free from end-space disturbances. The difference in size 
between the large resonators of the rising-sun block and the small 




IM,. i 1-20. Th[» hf aluliz['fl iris tlu* l.25-ciii, 18-vinip, riHiiiK-siin inagiietrun. 

resonators associated Avith strapped blocks of the same aa iweleiigth makes 
it more probable that smaller end spaces Avill be found in strapjjed tubes. 
It is this circumstance, as Avell as the fact that the Avaveleiigths of the 
competing end-space resonances are large, Avhich makes end-space dis¬ 
turbance less likely for strapped tubes than for rising-sun magnetrons. 

A good example of the effect of end-space geometiy on magnetron 
performance can be found by comparing the performance at a given 
magnetic field for tAVo 18-vane open-resonator rising-sun magnetrons 
differing only in the geometry of the end-spaces. Longitudinal sections 
()f the blocks and entl regions of these tubes are shoAvn in Fig. ll-30r/ 
and b. Voltage-current plots at 7900 gauss are giA^en for these tubes 
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in Fig. ]l-3lo and h] the, operating efficieneies at the same field are 
plotted as a function of anode current. It is shown that the dynamics 
impedance dV/dl is much greater in the low-current region for the tube 



Fit;. -Iti.siiig-.sun magnetron with large end spaces. 

Fiu. ll-30.'>.— Risiiig-siin magnetron with snifdl end raeps. 
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(a) (/>) 

Fig. 11-31.—A cinnijarison of tlie operating charaeteristics at 7900 gauss of the iiiagne 
Irons of Fig. ll-30a and b. (a) Voltage-cur rent characteristics; (b) efficiency as a function 
of anode current. 


Avith the larger end spaces. Moreover, the operating efficiencies meas¬ 
ured at the output guide are practically zero for this tube up to 7 amp. 
This is in marked contrast to the performance of the tube with the smaller 
end-spaces. From a study^ of the long-wavelength resonances that are 


1 A. Ashkiii and S. Milliiian, '‘Dynamic Impedance of A-type MagnetroiiK," 
NDHC 14-266, Mar. 1044, p. 1. 
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observed at low currents near the cathode leads and are accompanied 
by abnormal overheating of the cathode, it was conclusively established 
that these differences in performance were not due to leakage or emission 
from the cathode end shields but rather were consistent ith the assump¬ 
tion that the end-space oscillations could be characterized by a pre¬ 
dominantly radial electric field in the interaction space and r-f currents 
in the end-space regions, as sketched in Fig. 11-32. The low-current 
disturbances to magnetron operation that arise from end-space resonances 
can be eliminated by decreasing the diameter of the end-space cylinder. 
No end-space disturbances are observed with open-resonator rising-sun 
l)locks when the difference between the diameter of the shell and that 
of the large resonators is kept small (< O.KiX). For closed-end systems 
the end-space problem is automatically solved when an axial mount is 



Fia. 11-32. -riiHsiViln rharge and purreni distri})uLions for end-spapp ospillations. 

used for the cathode and when the pole pieces are in contact with th(‘ 
block covers. 

Lmkage of Tr-inode Radiation at End, Regions .—The end spaces may 
further affect magnetron operation adversely either by absorbing 7r-mode 
r-f power or by transmitting it to the exterior of tlie magnetron. Both 
of these effects are characterized by abnormally Ioaa- Qn values for the 
anode block; and if the r-f poAver is transmitted to the exterior, a con¬ 
siderable amount of r-f power will be observed at the cathode supports. 
These energy ‘^sinks'^ are objectionable not only because they decrease 
the output efficiency but also because the extraneous losses are likely 
to be variable, particularly for short-wavelength experimental tubes 
in which the end spaces are not ahA ays readily reproducible. 

The manner in Avhich the r-f energy couples to the end spaces is 
different for strapped and rising-sun magnetrons. In the former case 
the coupling arises from the fact that the tAVo inside straps are usually 
connected to alternate fins and are therefore oppositely charged. As 
the induced charges on the cathode produced by these straps are greater 
than those arising from the more distant outer straps, a net induced 
dipole on the cathode results. A radial electric field Avith a voltage node 




502 


THE RESONANT SYSTEM 


[Sec. IMG 


in the central plane is then produced in the interaction space. The power 
that is radiated through the cathode in this manner will depend, of course, 
on other parts of the transmitting circuit, which may include the end 
spaces, and transmission by means of the lowest coaxial mode through 
the cathode leads is possible. In the rising-sun design there is no com¬ 
parable coupling action between anode block and cathode. When the 
cathode is accurately centered in the tube, the only coupling mechanism 
is by means of the zero component of a TEiu-mode in which the electric 
field possesses only an Eb component, and large holes in the pole pieces 
or in the pipes surrounding the cathode supports ^^' 0 uld therefore be 
required to transmit the radiation. When the cathode is off center, 
the zero mode at the cathode may have an admixture of a TEn-modv, 
and the transmission of power in this mode requires considerably smaller 
holes in the pole pieces. The conditions under which r-f leakage has been 
observed at the cathode supports in rising-sun magnetrons corroborate 
this analysis; practically no r-f leakage is observed when the hole sizes 
are small enough to cut off all but the principal coaxial mode of 
transmission. 

When the cause of the r-f leakage has been determined, it is generally 
not difficult to eliminate the spurious losses. In general, it is preferable 
to decrease the volume of the end spaces. If the geometry of the end 
spaces provides a resonating chamber for the 7r-mode, a small change will 
shift their resonant wavelength to a harmless region. If the losses are a 
result of transmission through the cathode leads, however, the leakage 
may be greatly reduced by introducing an r-f rdudci' in the coaxial line 
in which the inner conductor forms the cathode support. 
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By J. G. Buck and A. M. Clogston 
EMISSION PHENOMENA OF MAGNETRON CATHODES 
By J. G. Buck 

12-1. Characteristics of Cathodes under Pulsed Conditions.—The 

electronics of the magnetron involves considerations not only of the space 
charge but also of the complex orbits of electrons moving under the 
influence of static and oscillating electric and magnetic fields. In the 
oscillating magnetron the cathode is back-bombarded with a considerable 
number of high-energy elections, and consequently secondary electrons 
are ejected from the cathode into the interaction space. By such 
repeated interactions of electrons with the cathode surface it has been 
possible, in some cases, to obtain many times more total anode current 
from a cathode than could be supplied by the primary thermionic emis¬ 
sion alone. 

In the past, oxide cathodes operated normally at direct currents of 
approximately 0.1 amp/cm^. At present, however, for duty ratios 
up to Several tenths of 1 per cent, cathodes of pulsed microwave magne¬ 
trons are required to supply pulse currents of magnitudes varying 
from about 10 amp/cm- at 10-cm wavelengths to 100 amp-cm^ for 1-cm 
tubes. Cathodes that can fulfill these requirements might be classified 
as (1) efficient pulsed thermionic emitters, (2) inefficient thermionic 
emitters that can be run hot enough to give the required pulsed currents, 
or (3) good secondary emitters that will give enough electrons to build up 
the retpiired current density under back bombardment. The ideal 
cathode would be of Class 1 because it would impose fewer restrictions 
on tube design and the associated electrical equipment; the cathodes 
that can noAV be made in production magnetrons are not ideal, however, 
and are Avorkable only because they have desirable features from Classes 
2 and 3. For instance, investigations at the Bartol Research Foundation 
have shown that even a relatively inactive alkaline-earth oxide cathode 
will give at least five secondary electrons per primary electron at operating 
temperatures.^ 

Prominent limitations that depend upon cathode emission properties 

* M. A. Pomerantz and D. L. Goldwator, “Secondary IJlectron Emission from 
Oxide-coated Magnetron Cathodes,” NDRC-14310. 
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nxist in magnetron performance even after the geometrical design 
problems on a tube have been finished. These limitations may be 
classified as two types of instabilities in performance: (1) frequency 
instabilities, such as mode changes and poor spectra, and (2) sparking. 
In some cases the limitations in magnetron performance, Avhich under 
fixed testing conditions are manifested by high-current mode changes, 
current limits for a good spectra, or other types of frequency instability, 
are dependent upon the primary thermionic emission that is available 
from the cathode during the buildup of oscillations. The magnitude 
of this primary emission is essentially that value of current Avhich is 
available from the cathode Avith zero electric-field gradient at its outer 
surface. For a given magnetron under fixed oscillation conditions, there 
is evidence that a minimum value of primary thermionic emission exists 
beloAV Avhich stable operation cannot be expected at the chosen operating 
point. For tube types having alkaline-earth oxide cathodes, this 
primary-emission minimum need be only a small fraction of the pulse 
current required for operation. This may be shoAvn by comparing the 
primary current available A\ithout magnetic field with the current 
available during oscillation. For example, in the loAA^-voltage 10-cm 
2J39 magnetron the fraction may be as high as one-sixth at an operating 
point of 5 kA^, 5 amp, at 0.1 per cent duty ratio and may be as Ioav as 
one-hundredth in the medium-power 3-cm 725A magnetron at an 
operating point of 11 kv, 15 amp, at 0.1 per cent duty ratio. Presumably, 
this fraction is influenced by (1) the secondary-electron-emission proper¬ 
ties of the cathode, (2) the operating voltage, (3) the effective rate of 
rise of the voltage pulse, and (4) the details of the design and loading 
of the tube. 

Current instabilities in magnetrons, i.e., sparking, arcing, or flashing, 
have appeared as limitations in the performance of nearly every design 
of pulsed microAvave magnetrons. Although considerable progress has 
been made in the elimination of these instabilities, they still remain a 
major problem in magnetrons operating at high power levels, long pulse 
durations, or continuous Avave. Because most pulsed microwa\^e 
magnetrons have used alkaline-earth oxide cathodes, the majority of the 
investigations on cathode sparking Avas devoted to this type of emitter. 
A detailed discussion of the fundamental sparking properties of alkaline- 
earth oxide cathodes is given in the next section. It is probable that 
sparking in high-vacuum tubes is caused by more than one abrupt 
breakdoAvn mechanism; for although the role of the cathode in sparking 
was the first source of trouble to be located, attention has recently been 
directed to processes occurring at the anode and other parts of the tube.^ 

^ W. E. Ramsey, "A General Survey of Sparking Phenomena in High Vacuum 
Thermionic Tubes/’ NDRC 14-516. 
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The choice of the type of electron emitter suitable for the conditions 
existing in a given magnetron depends on many factors besides the 
primary and secondary electron-emission of the cathode, but an apprecia¬ 
tion of these fundamental emission properties is essential. The following 
sections will describe some of the properties of alkaline-earth oxides, 
thorium oxide, and such secondary-emission surfaces as silver magnesium 
and Dowmetal. 

12-2- Alkaline-earth Oxide Cathodes. TvM Methods .—From the 
standpoint of physical-chemical theory the oxide-cathode emitter is a 
very complex system, and it is, therefore, doubtful that the optimum 
preparation and processing have ever been achieved. However, a cathode 
that emits satisfactorily according to usual expectations may be obtained 
by many variations in preparation techniques. The oxide cathode is 
commonly prepared V)y coating a base-metal structure with a definite 
weight of alkaline-earth carbonates.^ The cathode is heated in vacuum 
to convert the carbonate coating to oxide and then is activated by passing 
current through it. 

Several forms of the alkaline-earth oxide cathode have been used in 
pulsed magnetrons: plain iincombined oxide, uncombined screen, metal¬ 
lized, ^^overvv^ound,^' nickel ^'mesh,'' and sintered nickel.- Because the 
basic structure is the plain, iincombined oxide cathode, the discussion 
of fundamental properties will lie restricted to this type. The procedure 
for testing the thermionic activity of cathodes in diode structures con¬ 
sists fundamentally in obtaining characteristics of plate current I vs. 
plate voltage F at a fixed temperature and interpreting these data by 
the use of the Langmuir-Child/s law which may be written in the form 

p/s = ( 1 ) 

this equation expresses the current / and voltage V relation in a diode 
when the current is limited by space charge. 

Pulse methods of testing cathodes have been developed. These 
tests are taken with pulses of short duration and low recurrence frequency, 
in order to eliminate the rise in temperature that occurs when cathodes 
are pulsed at high-duty ratios and to reduce the chances of destroying 
the cathode surface by sparking. 

For the measurement of the (F,7)-curves of both simple cylindrical 
test diodes and magnetrons without magnetic field, the voltage is applied 
to the anode as a series of negative pulses (see Fig. 12T). The funda¬ 
mental emission tests are taken at 1 /isec 60 PRF, but pulses of -j- to 

* In this chapter "double carbonates” will refer to a 50-50 molar solid solution 
of barium and strontium carbonates. 

2 E. A. Coomes, J. G. Buck, A. S. Eisenstein, and A. Fineman, RL Report No. 933, 
June 1946. 
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10-Msee duration at pulse recurrence frequencies from 60 to 4000 have 
also been found useful. The voltage pulses are obtained from a hard- 
tube laboratory pulser that has been provided with a special 60-PRF 
trigger circuit.^ The pulse voltage is measured with a noninductive 
resistance divider or capacity divider and viewed on a synchroscope. 
The pulse current, also viewed on the synchroscope, is observed as the 
voltage drop across a noninductive resistance in series with the tube 



I’lu. 12-1.“ ArrangciTicMit of tpst ctjuip- Fiii. 12-2. —Diode [uive* of an nxido 
iiieiif for th[* iiiRasurRiriDiit of pulse furrent cathode showing the normal Sehottk.N' 
and voltage. emissiou effei t. 


the physical transfer of incandescent particles of oxide coating from the 
cathode sleeve to the anode. 

The most convenient manner to present pulse-emission data in 
diodes is by plotting of vs. V. A computation of K'^-' can be made from 
tube geometry, and a theoretical space-charge line drawn to satisfy 
the liangmuir-Child’s equation. A cathode can then be classified by 
the manner in which emission data follow or deviate from the theoretical 
space-charge line. 

The results of testing a considerable number of diodes in the manner 
outlined above indicate that the cathode-emission curves are charac¬ 
terized by several different types of behavior. Two of these may be 
considered prime types. 

1. The normal Schottky effect is shown in Fig. 12-2. The expeii- 
mental points follow the theoretical Langmuir line up to a current 
value represented by /u (corresponding to the maximum space- 

^ Sue Vol. 5 of the Hadiatioii Laboratory Series for a discussion of pulse cquipnienb 
and pulse test methods. 
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charge-limited emission). Experimental points from /n up to 
the sparking point can be plotted to the form of the 

Schottky emission equation, but the slope is usually described as 
corresponding to a fictitious temperature considerably different 
from the true cathode temperature. 

2. The anomalous Schottky effect is shown in Fig. 12-3. This 
type of emission curve exhibits the same characteristics as Fig. 
12-2 at the beginning of the curve but has an inflection point 
followed by a region in which the emission incueases rapidly AA^ith 
voltage. From correlations 
b e t Av c e n nonoscillating- 
and oscillating-magnetron 
characteristics it appears 
that the location of the 
inflection point and the 
slope of the anomalous 
Schottky characteristic are 
of considerable importance 
in cathode sparking in 
micro av a v e magnetrons. 

No completely satisfactory 
theory exists for fitting the 
curve in this region; how¬ 
ever, it is possible that the 
anomalous Schottky effect 
may be associated AAith 
properties of the interface 
betAveen the oxide coating and the base metal. This type of 
behavior is generally to be expected at some time in the life of the 
double carbonate oxide cathode. 

Other types of deviations from the space-charge line have been 
observed and will be considered in connection with applications. Small 
amounts of gas are often evidenced by large and random fluctuations 
in experimental curves, and larger amounts generally produce system¬ 
atically increasing deviations above the space-charge line. Cathodes 
that have been poisoned during preparation have had, in a number of 
instances, emission curves that indicated that the current av as not limited 
by space charge at any voltage but showed slight deviations below the 
theoretical space-charge line even doAvn to zero voltage. Figure 12-4 
is an example of this phenomenon. 

The useful terms defined in Figs. 12-2 and 12-3 may be summarized 
as foil days: 



Fiq. 12-3. —DIdcIp nirve ol an oxide 
cathode bhowiiiR the anomalous Schottky 
piiiissioii effert. 
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1. The maximiim space-charge-limited emission Iq which is taken as 
the point on the plot of vs. V at which the experimental points 
first deviate from the theoretical space-charge line. 

2. The type of behavior above /□ (the Schottky region) corresponding 
to one of two types: (a) the normal Schottky effect, in which 

the experimental points 
follow the form of the 
Schottky emission law, and 
(b) the anomalous Schottky 
effect in which the 
curve has an inflection point 
in the Schottky region. 

3. The sparking current and 
voltage which are 

the diode values at which 
cathode emission is limited 
by sparking. 

12-3. Alkaline-earth Oxide 
Cathodes. Life TeMs arid Spark¬ 
ing Phenomena .—Diode life tests 
at 800°, 875°, and l)50°C have 
shown that in this temperature 
region the expected life at fixer! 
operating conditions is markedly 
dependent on temperature; the 
higher the temperature the lower 
the pulse life. The expected life 
of a double-carbonate coating on 
Grade A nickel under the test 
condition of 1 /xsec, 400 PRF, and 
10 amp/cm^ is illustrated in Fig. 
12-5. 

In Fig. 12 C) the sparking current is plotted against life for electro¬ 
lytic-nickel base metal and compared with that for Grade A nickel base 
metal; standard double-carbonate coating was used in both cases. It is 
seen that the same general pattern is followed in both cases but that the 
pure nickel curve lies above that of the Grade A. 

It has been recognized previously^ that there are probably two types 
of sparking encountered when high pulse currents are demanded from 
oxide cathodes. Differentiation between these two types of sparking 
may be made in the folloAving manner: 

» O. H. Shade, Proc. IRE, 7, 341 (1943). 



Fig. 12-4.—Diode eurve of an oxide 
euthude Hhowing gradual deviatinns of the 
iml.sed emission from the spaL;e-f;hart’;D line. 
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1. SpaL*e-charge-limited sparking, in which the sparking current 
has a value = Ino on the space-charge line. The value of /an 



12-5.—The expertrci life, at Ihrpe difliDrent lemppraturM, of a double-carbon ate 
coating on Grade A nickel. Teat roiiJitiona: 1 ^isec; 400 PJIF; 10 anip/cm^. 


measured at 1 ^tsec and 00 PKF is about 50 amp/cm^ at 800°C 
for double-carbonale coating on Grade A nickel and is about 100 
amp/cm^ for double carbon¬ 
ate on pure nickel. Sub¬ 
stitution of triple carbonate 
containing 4 or 11 per cent 
of CaCOa does not appreci¬ 
ably change these values. 

2. Field-limited sparking that 
occurs late in the life of an 
oxide cathode, in which the 
sparking is limited by a 
eritieal value of field corre¬ 
sponding to Va = Faf. The 
value of Faf has been found 
experimentally to depend in 
a fundamental manner 



100 200 300 400 

Life in hours at BO0°C 

Fig. 12-6.—Sparking currentfs under pulee 
conditions as functions of life for pure nickel 
and Grade A nickel cathodes. 


upon the nature of the oxide at the cathode surface. Its experi¬ 
mental value lies between 40 to GO kv/cm for cathodes prepared 
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Avith SrCOa or BaSr(C 03)2 and in the range 100 to 125 kv/cm for 
single BaCOa cathodes. 

The transition from Type 1 to Type 2, as life progresses, is shown in 
Fig. 12-7 for double-carbonate coating on Grade A nickel. 



limited sparkiiiK to field-limited sparking 
during the life of oxide-eeated riitliDdcs. 



0 100 200 300 


Hours of life at 875°C 
Fii;. 12‘8.— Dependence of sparking 
current on the pulse length during the 
life of an oxide-coaiefl cathodp. 



Coating weight in Mg/cm ^ 


Fiq. 12-9.—■Si)arkiug-curreiit density under pulsed coiiditioiLS as a function of eoating 
weight on Grade A nickel at S75°C. 

The dependence of sparking current on pulse length, which is marked 
early in the life of a cathode before the field-limited state sets in, dis¬ 
appears when the cathode sparking becomes entirely field limited. This 
condition is shown by Fig. 12-8, which gives a comparison of the sparking 
current at 1 and at 10 /isec as a function of life. The cathodes consisted 
of double-caibonate coating on Grade A nickel. 
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Emission Dependence on Cathode Coating. —Proper choice of coating 
weight and density is important in obtaining the optimum pulse emission 
to which an oxide cathode can be activated. Figure 12-9 shows the 
pVilsed sparking current in amperes per square centimeter as a function 
of coating weight available for plain oxide cathodes of density about 
gm/cm^, prepared with double carbonates on Grade A nickel for fixed 
processing conditions. These curves display a range of optimum weights 
of approximately 9 to 13 mg/cm^. Experience has also indicated that 
cathodes prepared with higher-density coatings are better pulse emitters 
when processed to optimum. 

Published reports of correlations between carbonate particle size 
and emission^ have suggested the advisability of maintaining rigid 
controls of the particle-size distribution of the cathotje coating. Tt has 
been showm by Eisenstein,^ ho\vever, that no correlation exists betw^een 
the size of the carbonate particles and crystals and the size of the oxide 
crystals because 

1. Both the crystal and particle sizes of the carbonates begin to 
increase at about 500°C and approach an equilibrium of values 
that depend primarily on the time and temperature of treatment. 

2. A similar crystal growth in the oxide occurs rapidly about 950°C, 
dependent primarily on the maximum temperature and bearing 
no relationship to the crystal or particle size of the carbonate from 
which it was formed. It therefore appears that the correlation 
between carbonate particle size and emission is not due to a direct 
interrelation of these tw^o factors. The cathode-coating texture 
may be affected by the carbonate-particle-size distribution under 
a fixed set of spraying conditions. This resultant texture coupled 
with a fixed processing schedule could then influence the final 
emission obtainable from the cathode. 

Emission Dependence on Cathode Base Metal. —The following base 
metals Avere studied for pulse emission; 

1. The purest available nickel. 

2. Grade A nickel. 

3. Nickels alloyed with large amounts of the elements commonly 
found in Grade A nickel. 

Well-activated cathodes with base metals of the purest nickels, such as 
the electrolytic nickel obtainable from the International Nickel Company 

^ M. Benjamin, R. J. Huck, and R. O. Jenkins, Pror.. Phys. Soc., 60 , 345 (1938); 
R. C. Chirnside and H. P. Rooksby, General Electric Limited Report No. 8355, 
December 1943; A. S. Eisenstein, "A Study of Oxide Cathodes by X-ray Diffraction 
Alethods, Part I," Jour. Applied Phys.., June 1946. 

^ Eisenstein, op. vit. 
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or Driver Harris No. 499, give sparking currents of 90 ± 10 amp/cm^ 
for periods of several hundred hours when operated at 800°C. The 
corresponding figure for electronic Grade A nickel was 50 ± 10 amp/cm^. 
The emission efficiency in terms of pulse amperes per watt was 18 fdr 
the pure nickel cathodes as compared with about 10 for the Grade A 
nickel cathodes. 



Pulse current in amp 

Fig. 12-10.—The variation of cathode temperature over the performance chart of a 10.7-cm 
maRiietron operating at consLant load. {Courtesy of C. S. Robinson, Jr.) 

(kathodes composed of double carbonates on nickel alloys containing 
5 per cent of Al, Si, Mn, or Ti had pulsed lives and sparking currents less 
than those obtained for Grade A nickel at an operating temperature of 
875°C. A 5 per cent Cr alloy, however, showed an improvement over 
Grade A nickel and produced results equal to the high values obtained 
from the pure nickels. 

Pulse Temperature Rise and Coating Resistance .—When the tempera¬ 
ture of an oxide cathode is measured in a magnetron oscillating at 
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nonstant load over its (y,/)-performaD(*-e chart, it is found that the tem¬ 
perature may increase several hundred degrees above its value at zero cur- 



Fig. 1211.—TliB effect of loading on the cathode terapBiature. The data were taken 
on a 9.1-cm strapped magnetron at 1000 PRF and l-p,sec pulse duration. {Couritisy of 
C. S. Rohinsoii, Jr.) 



rent.' figure 12-10 illustrates the order of magnitude of the effect. 
The cathode temperature is also changed with varying values of mag¬ 


netron load as shown in Fig. 1211. 
Part of this temperature increase 
is caused by an increase in back 
bombardment. TI o w e v e r, the 
cathode tcmpert.ture will increase 
with pulse current even if the 
magnetron is operated as a diode. 
The magnitude of this increase in 
temperature, the pulse tempera¬ 
ture rise (PTR), is a function of 
the pulse current, the duty ratio, 
the initial quiescent operating 
temperature, and the physical 
state of the cathode. The PTll 
varies with the cathode construc¬ 
tion and from cathode to cathode 
of the same type; it also varies 
throughout the life of a given 
cathode. The average PTR 
measured in diodes for a number 
of double-carbonate cathodes of 



Cathode life in hours 


Fig. 12’12.—Pulse temperature rise 
(PTR) as a function of cathode life. The 
PTR was measured at 10 amp/cm^, l-/xsen 
pulse duration, and 1000 PRF from a quies¬ 
cent teinperaturo of 850“C. During life 
testing, the tube was operated at 10 amp/cm^, 
l-/iSBC pulse duration, and 400 PRF and 
STS^C. 


the plain uncombined oxide, the uncombined screen, and the metallized, 
screen cathode types are given as a function of life in Fig. 12-12. 

The PTR of a cathode in a diode is apparently due to the I'^R dissipa¬ 
tion within the cathode when the pulse current I flows through the oxide 


* C. S. Robinson Jr., "Cathode Temperatures in Magnetrons,” RL Report No. 
IT-5S, Mar. 31, 1942. 
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coating. Values for the total coating resistance 72, measuTed pithpv 
by a calorimetric method^ or by probes embedded in the cathode coating,- 
have been found to be a function of the pulse current and to have charac¬ 
teristics typical of a blocking-layer rectifier system. 

Screen Cathodes .—The need for cathodes of longer life in the strapped 
3-cm medium-power magnetrons resulted in the development of the 
screen cathode. This cathode is made by firmly bonding nickel mesh to a 
supporting nickel sleeve and impregnating the interstices of the mesh 
with the cathode coating. Experience has shown that in order to obtain 
a good cathode of high primary emission with normal Schottky emission 
characteristics, it is necessary first to bond the nickel mesh to the under¬ 
lying metal at as many points of contact as possible. This contact is 
important for obtaining good thermal and electrical conductivity and is 
accomplished either by welding the mesh at close intervals or by sintering- 
in a hydrogen furnace. Second, it is important that the carbonate coat¬ 
ing make good contact with all the exposed area of the nickel mesh and 
the substrate nickel and that it be firmly packed to prevent all voids 
(see Sec. 17-7). In the 3-cm 725A and the 10-cm 4J32 and HPIOV' 
the screen cathode showed decided advantages over the plain oxirle 
cathode in extending tube life, improving the stability of operation, and 
increasing output power. 

Early life test studies on screen cathodes in magnetrons were made 
with mesh sizes up to 60 by 60, and the longest lives were obtained with 
the finest mesh. Further life tests on screen cathodes with 150-by-150 
mesh showed that the normal Schottky emission characteristic extended 
to higher sparking voltages and that the sparking currents for 10-/2sec 
pvdses were higher. The use of this fine-mesh cathode in low-voltage 
3-cm magnetrons resulted in increased mode stability, less sparking, 
and longer tube life. 

Direct-current Emission Values .—At a temperature of 800°C, cathodes 
made of double carbonates on Grade A nickel have operated at 1 amp/cm^ 
direct current for over 1000 hr under space-charge-limited conditions. 
Preliminary tests have shown d-c emissions of 10 amp/cm-* under space- 
charge-limited conditions at 850°C for several hours. These results 
indicated that cathode poisoning by structures external to the cathode 
may be an important factor in limiting the d-c emission from oxide 
cathodes. 

It is difficult, if at all possible, to correlate the pulsed and d-c emission 
properties of oxide cathodes. About all that can be stated at the present 
time is that good pulsed cathodes are usually good d-c cathodes but that 
the reverse is by no means true. 

^ E. A. Coomes, Jour. Applied Phy^., July 1946. 

* A. Fineman and A. S. Eisenstein, Jour. Applied Phys.^ July 1946. 
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12-4. Thorium Oxide Cathodes. —A type of thorium oxide cathode 
.suitable for use in magnetrons has been developed by the Bartol Research 
Foundation.^ The cathode, which consists of a shell of sintered thorium 
oxide, is prepared by compressing thoria powder in a die and heating 
to a high temperature in a specially prepared furnace; a coil of fine heater 


wire is embedded in the thoria. 
Cathode shapes of any desired 
form may be made in this manner. 
The fundamental problems con¬ 
cerned with thorium oxide cath¬ 
odes are still incompletely solved, 
but this progress has excited con¬ 
siderable interest in the possibili¬ 
ties of applications in magnetrons 
for high-pulse powers, long-pulse 
durations, and high-duty ratios. 

Studies of thoria cathodes in 
test diodes have indicated that 
the elaborate activation schedules 
which are generally used with 
alkaline-earth oxides can be dis¬ 
pensed with. Thoria cathodes of 
small area are simply raised to 
their emitting temperatures for a 
few minutes and then operated 
immediately. The activation of 
large-area cathodes (about 7 cm^j 
in high-power magnetrons ma,y be 
somewhat more difficult to accom¬ 
plish (as is also the case with 
alkaline-e a r t h oxide cathodes); 
there arc, however, good indica¬ 
tions that the thorium oxide cath¬ 
ode is much less sensitive to those 



Fill. 1213.—Pulsed thermiDnic eiiiission 
of a sintered thorium oxide. Test eonditions: 
1 /XS 0 C and 1000 PRF. {Courtesy of M. A. 
Pomcrantz.) 


conditions existing in a tube which ordinarily cause deactivation of 
emission surfaces. Cathode sparking of the type discussed in Sec. 12 2 
for alkaline-earth oxides appears to be completely absent in thoria 
cathodes.^ The thoria cathode would thus be of considerable impor¬ 
tance for magnetrons operated at high-pulse powers or long-pulse 
durations. 


^ M. A. Pomerantz, “Sintered Thoria Cathodes,” NDRC 14—517. 

- W. E. Ramsey, “A General Survey of Sparking Phenomena in High Vaeuuin 
4'herinionir Tubes,” NDRC 14-516. 
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Typical diode (F,/)-curves obtained for thorium oxide are given in 
Fig. 12-13. The cathode temperatures given on the figure are brightness 
temperatures obtained by an optical pyrometer. The emission efficien¬ 
cies of thoria cathodes in terms 



of amperes per watt are about 0.4 
at 15B0°C and 0.7 at 1740“C. 

The thermionic emission from 
sintered thorium oxide cathodes 
was observed with pulses varying 
from less than a microsecond to 
several milliseconds. At a cur¬ 
rent level of 30 amp/cm'-^ no decay 
in the pulse emission was found 
during this interval. Further¬ 
more, in the temperature range in 
which it was possible to measure 
both the pulsed and d-c emission, 
the diode (/,y)-characteristics ob¬ 
tained for pulse and d-c operation 
agreed quite closely. From these 
data it would appear that the 
emission in respect to time effects 
differs fundamentally from that 
observed in alkaline-earth oxide 
cathodes. ^ 

Figure 12-14 illustrates the 
type of diode (/,F)-curves that 
have been obtained with sintered 
thorium oxide cathodes at differ¬ 
ent intervals of life. It is seen 
that at the end of 800 hr, the 
maximum space-charge-limited 
emission has decreased to approxi¬ 
mately a third of its initial value 
but that the total emission has 
decreased only slightly. 

Cathodes have also been operated at 1.5 and 2 amp/cm^ direct 
current for periods of 400 hr. Emission densities exceeding 5 amp/cm^ 
direct current were obtained for short intervals of time and in the experi¬ 
ments performed were limited by factors involving the allowable anode 
dissipation rather than the emission capabilities of the cathode. 

^ K. A. CooiTiKs, Jour. Applied Phys,, July 1946; R. L. Sproull, Phys. Rev., 07, 166, 
(1945). 


Fits. 


Pulse voltage in hilovolts 

12-14.—PulHed-tberniiniiiK einissii)ii 
□f a sintered thorium oxide eiithoilE? at difTer- 
ent intervals of life. {Courtesy cf M. A. 
Pomeranlz.) 


Test conditions 
1 pscc 

1000 PllF 
1800°C 


Life test conditions 
0.9 /isec 
400 PRF 
1650“C 

15 amp/cm* 
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12-6. Secondary Electron-emission Properties of Magnetron Cath¬ 
odes. —A magnetron will operate stably in certain regions of the per¬ 
formance diagram even when only a small primary thermionic current 
is available from the cathode. The remainder of the pulse current 
required by the tube is supplied by secondary electron emission. The 
nature of the back-bombarding electrons has been investigated both 
experimentally and theoretically, but theory and experimental data can 
at present give little aid to the designer of new types of magnetron. 
Nevertheless, the possibility of using metallic cathodes having suitable 
secondary electron-emission characteristics to furnish the pulse currents 
required and capable of dissipating large powers and operating at long 
pulse durations has instigated considerable interest. Several working 
models have been developed.^ 

An example of this type of cathode design is the c-w 30-cm 10-kA' 
split-anode tube, the VC-3()3W. The cathode of this tube is made from 
Dowmetal J1 alloy (93 per cent Mg, 6 per cent Al, 1 per cent Mn) and 
has an average life of only about 200 hr, probably because of the removal 
of the Dowmetal surface during operation. 

Pulsed multicavity magnetrons using silver magnesium alloys have 
been operated at 1-, 3-, and 10-cm wavelengths for short periods of time. 
At 1-cm, densities of about 100 amp/cm^ were obtained. At 10-cm, 
several cathodes were run with a maximum life of about 400 hr, at an 
initial operating point of 14 kv and 30 amp and a duty ratio of 0.2 per 
cent. The output power of these tubes fell off rapidly by about 25 per 
cent within a few hours and then remained almost constant. 

A study of the secondary emission properties of cathodes in mag¬ 
netrons has been made by McNalP by incorporating an electron gun 
in one of the cavities of a multioscillator magnetron. A magnetron 
with a given cathode is run over its performance chart at a constant 
load in order to determine the range of staV)le operation for a given set 
of operating conditions. The secondaiy emission characteristics are 
then determined. By suitable treatment the secondary emission proper¬ 
ties of the cathode surface are changed and the region of stable operation 
of the magnetron is again determined. Figure 12-15 shows the secondary 
yield 5 as a function of primary energy for a Ag-Mg cathode in several 
states of activation. From thcvse data it has been possible to draw 
contours of the minimum value of the secondary electron-emission yield 
that is required for a given magnetron tested under fixed oi)erating 
conditions. Such a performance chart is given in Fig. 12-16 for an Ag-Mg 
cathode in a 2J30 anode block. It is possible to operate stably at all 

^ J. W. McNall, H. L. Slpde, and C. L. Shackelford, Westinghouse Electric Co. 
Reaearch Report No. BDR-l)29-76-l. 

® Ibid. 
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Fiq. 12*15. —StscDiuiary-eloctron-emiaaioii yield S of an Ag-Mj^ eatlimlL' .surfiii-e uihIim- four 
(UFferent states of activatiDn. {Courtesy of J. W. McNalJ.) 



Fiq. 12*16.—Estimated correlatiDii of magnetron current with the sDDondary-emission 
yield of an Ag-Mg cathradn in a 2J30 anode block. {Courteay of J. W. McNidf.) 
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values of voltage and current to the left of the contour corresponding 
to the chosen value of 5. 

Many secondary emission surfaces have been tried in pulsed and c-w 
magnetrons with varied success. These attempts have included silver- 
magnesium alloys, Dowmetal- 
metal alloys, beryllium, alumi¬ 
num, nickel, a nickel-barium 
alloy, thorium, a beryllium-copper 
alloy, beryllium-plated copper, 
and evaporated magnesium on 
copper. Silver magnesium, Dow- 
metal-metal alloys, and possibly 
beryllium appear to be the most 
promising of the surfaces studied. 

Almost invariably the alloys are 
oxidized before assembly or at 
some time during the processing 
in order to obtain surfaces with 
high secondary yields. Many of 
these surfaces studied have not 
bt^en satisfactory under the con¬ 
ditions chosen for operation in the 
magnetron or have been unstable 
in varying degrees during pro- 
1 onged testing. Deactivati on 
caused by arcing, gas, or other con¬ 
taminations has been encountered in most of the studies made; there 
have been encouraging signs, hoAvever, that satisfactory solutions can 
be obtained for particular tube applications. 

It was pointed out in Sec. 12-1 that most magnetrons using alkaline- 
earth oxide cathodes have operated satisfactorily only because the 
secondary electron-emission properties are capable of compensating for 
the thermionic emission deficiencies. The secondary electron-emission 
yields of alkaline-earth oxide cathodes are high,^-^ and they have been 
reported to increase rapidly with temperature over a considerable range 
of operation. Figure 1217 shows the secondary yield 5 for an oxide 
cathode as a function of primary energy and of temperature. 



Fill. 12-17.—Sn noil rlary-oi Dpi i-on-Riniasi on 
viBld 5 of an alkaliiiD-caith oxide cathode as 
a function of primary energy and of tninpei- 
ature. {Courtasy of M. A. Pomvraiitz.) 


HEAT BALANCE IN THE CATHODE 

By a. M. Cloqston 

''rhe next three sections of this chapter discuss the problem of heat 
balance in a magnetron cathode. The amount of back-bombardment 

‘ M. A. Ponierantz and D. L. Goldwaicr, "Secondary Electron Emission fruni 
Oxide-coated Magnetron Gathodes,'’ NDRC 14-310. 

= J. B. Johnson, "Enhanced Thermionic Emission,” Phys. Rev., 66, 352 (1944). 
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power delivered to the cathode of an operating magnetron will be dis¬ 
cussed in Sec. 12-7, while Sec. 12-8 will consider how a cathode may be 
designed to dissipate this power. 

12-6. Thermal Behavior of a Pulsed Cathode. —Because the best data 
available on back-bombardment power have been measured on pulsed 
magnetrons, and because applications of these sections may be made to 
pulsed tubes, consideration must be given to the differences in behavior 
between a cathode receiving pulses of back-bombardment power and one 
receiving the same average power continuously. 

To study this question, the following simplified problem will be 



solved and used as a basis for qualitative con¬ 
clusions about the behavior of real cathodes. 
Consider an outer cylindrical layer of a cathode 
unwrajjped to form a rectangular sheet as in 
Fig. 12*15. Suppose that a back-bombardment 
power of Pb watts is delivered uniformly over 



Fiq. 12-18.—Cathode surfai't? 


Fig. 12-19.—Cathode surface and 


developed into a plane. 


coordinate system. 


this surface during a pulse of duration r repeated at a frequency / times 
per second. 

The developed area of the surface will be A cm^, and it will have a 
depth of I cm. Let it be supposed, tentatively, that it has been possible 
to choose this depth so that the back surface can be considered to remain 
at a fixed temperature To. 

Suppose that the cathode surface is arranged relative to a coordinate 
system (x) as indicated in Fig. 1219. The temperature distribution 
within the layer will then be indicated by T{Xjt). It will be supposed 
that the area A is large enough that transverse variations of the tempera¬ 
ture are unimportant. Furthermore, suppose the origin of time is 
chosen so that a pulse of power is applied to the cathode from i = 0 to 
i = T. 
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During the pulse, a power of Pb/A watts/cm- or 0.239 Ph/A 
nal/sec/cm^ is fed to the surface bA x = 1. Therefore, if 


? = (i) ( 0 - 239 ) 


where K is the thermal conductivity of the material in calories per 
centimeter per second per degrees centigrade, one has at the surface 
.r = I 


and^ 


C-IL = 


for 0 < ^ < r, 


( 2 ) 


0 


forr < t 


f 


The partial dilfeiential equation goveiiiing iionsteady-siate heat flow 
in one dimension may be written 


dx^ 


1 ^ 
dt' 


(3.) 


where = Kfcp. The thermal capacity per unit mass is indicated by c, 
and the density by p. A table of values of n- may be found in Strong.' 
The solution of Eq. (3) appropriate to the present problem may be 
written 

X 

T(x,i) = ^ A ‘ ill x+ (4) 


If the constants are now arranged so as to satisfy the boundary 
conditions set by Eqs. (2), Kq. (4) becomes 





(5) 


The quantity that will be of interest is the difference in temperature 
of the front face of the layer just before a pulse starts and just after it 
ends. This fluctuation in temperature will be called AT and is defined by 


AT = T{l,r) - T(I,()). 


(fl) 


^ J. Strong, Procediirva in Experimentnl Physirs, rrc'iitirivllall, New York, 1945, 
p. 494. 

^ H. Batnnian, Partial Differential EquatiouLS of MaihematicaL Physics^ Dover, New 

York, 1944, p. 214. 
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From Eq. (5) 




n =1 


sin^ nirfT 



sinh 2 ^ 


fn.f 


V a® \ 

a® 

cosh 2 ^ 

pfl + 2 



V a" \ 

' a® 


( 7 ) 


•( 8 ) 


Equation (8) is the solution to the problem. An interesting observation 
can now be made about Eq. (8). If > a-//, then 2^ \/7nrf/a^ > \/47rn. 
Because n is never smaller than unity, 21 'x/nirffa^ > 3.54. Under this 
condition the second fraction in the series is veiy nearly unity for all n 
and may be disregarded. Therefore, A7’ does not depend upon I, This 
result can mean only that the fluctuations in temperature experienced 
by the front face of the layer become insensible at a depth a/V7 behind 
the front face. In the most unfavorable case that will be considered, a 
Avill have the value 0.5 cm/sec^"^ for nickel, whereas if pulsing rates no 
slower than / = 400 are considered, a/\/f can at most be 0.025 cm or 
approximately 0.010 in. This example provides the justification for 
assuming that the problem which has been solved will represent the 
behavior of real cathodes. It is consistent to assume that a cathode 
receiving periodic bursts of energy will fluctuate in temperature only in a 
very thin outer layer and that there will be a cylindrical surface at some 
depth greater than a/v7 which may be considered to remain at constant 
temperature. 

Assuming from now on that I > a/\/7» Eq. (8) may be written 


2qa ^ sin^ nirfr 

n = 1 


(!') 


By the use of Poisson^s summation formvda, ^ the series may be written 


X sirP nirfr f " sin® tt/tx , , n Y' f ^ r. , 

^ 4/, (1111 


' Courant and Hilbert, Mtihodvn rifr Mathematic Physik, Vol. I, SpriiiKcr, Berlin, 
1924, p. 59. 
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+ Vin^ (V* + n + V' “ n ” 


(II) 

provided that fr < 2, Avhifh is always true. 11' now fr «i\, Ki|. (11) 
becomes approximatt^ly 


t 

li = 1 


HTrjT 


rp- 


- 2.()12 ^ [fry. 


By neglecting even the term in (/r)“, Eq. (9) becomes 


( 12 ) 


= 



Avith the two conditions of validity 


and 


I > - 

V/ 

fr « 1 


(13) 


(14) 


The magnitude of the fluctuations in temperature of a cathode caused 
by periodic pulses of back-bombardment power Avill now be calculated. 
In data presented^ in Sec. 12*7 one has ? = 10“^ sec and / = 500 per 
second. The surface layer of the cathode is a mixture of barium and 
strontium oxides. Approximate values for the constants of this oxide 
mixture at 900°C are K = 0.013 and a = 0.11. With these values, the 
condition of validity noted in Eq. (14) requires that 

I > 0,005 cm = 0.002 in., 

which is certainly true. Furthermore, fr = 0.5 X 10“\ Avhich is much 
less than unity. Suppose now that 10 kw of power is delivered to the 
cathode while the tube is operating. The surface area of the cathode 
under consideration is 3.8 cm^. It is easily found that q = 49,000°C/cm. 
A fluctuation of 17°C is obtained by substitution in Eq. (13). 

If the cathode surface presented to the back-bombardment energy 
were nickel instead of an oxide mixture, the constants would he K = 0.22 
and a = 0.50. With the same back-bombardment power, 


q = 3000°C/cm 

and AT = 5°C for nickel. 


^ W. E. Danforth, C. D. Prater, and D. L. Goldwater, "Back Bombardment of 
Magnetron Cathodes,” Bartol Research Foundation, NDRC 14—309, Aug. 25, 1944. 



524 


THE CATHODE 


[Skc. 12-6 


It is thus observed that if the assumptions made in these calculations 
are allowed, the fluctuations of cathode temperature caused by periodic 
pulses of back-bombardment power are rather small. 

It must now be mentioned that the problem just solved does not 
contemplate cooling by radiation of the cathode surface drawn in Fig. 
12-18. Suppose that the surface shown in Fig. 12-18 were radiating 
between pulses from its front surface. Suppose also that it is con¬ 
sidered to be so thin that no temperature differences exist inside the 
material, and suppose that it is thermally isolated from its surroundings. 
These last two assumptions are artificial but will permit a calculation of 
the importance of the radiation effect. If the emissivity of the surface 
is taken as unity, the energy lost in time dt from the surface is AaT^ dt 
watt-seconds, where tr is Boltzman’s constant. If c is the heat capacity 
per unit mass and p the density, one must have for the temperature change 
in time dT 

AaT^ dt = -cpAldr. (15) 


If Ti is the temperature at time t = 0, Eij. (15) can be integrated to give 


_L ^ 1 

~ r\ cpi 


( 16 ) 


for the temperature at time t. If the material being considered is 
nickel, c = 0.59 joule/gm per °C and p = 8.4 gm/cm^ The value of tr 
is 5.74 X 10“^^ watt/cm^ per °C. Let t = 0.002 sec be the time between 
pulses at a 500 cps repetition rate, and let I be 0.02 cm, or approximately 
the depth indicated by Fjq. (14). With these values it is found that 


T] 

1 + (;l5 X 


(17) 


Suppose now that Ti = 1200°A. From Eq. (17) it is found that T is 
less than by only 0.02 per cent. 

On the basis of this example, it is concluded that radiation has a 
negligible effect upon the fluctuations in temperature of a pulsed cathode. 
Consequently, fluctuations in cathode temperature due to periodic 
back bombardment may be disregarded under the conditions assumed in 
this section. 

A source of periodic cathode heating during pulsing not considered 
here is the ohmic loss in the cathode coating due to passage of electrons. 
In the Bartol data that will be considered, this effect has been taken 
into account by operating the magnetron under consideration as a diode 
and measuring the temperature rise due solely to to ohmic loss. In 
applications of the results of these sections, the two effects should be 
considered separately. 
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12-7. Measurements of Back-bombardment Power.-— It is generally 
understood that a certain fraction of the electrons which leave the 
cathode of an operating magnetron return to the cathode with an 
increased energy gained at the expense of the oscillating fields. This 
increment of energy is expended in heating the cathode structure. 
Experience has led to general acceptance of the fact that about 3 to 10 
per cent of the input power of a magnetron will appear as back-bombard- 



Current in amps 

Fid. 12-2U.—Contours of equal haek-bomlmi dineiif power. Q/, = 5ti. 


inent power at its cathode. Very few serious attempts have been made, 
however, to measure back-bombardment power accurately. 

The best data on this subject have been measured on a 2J32 mag¬ 
netron at the Bartol Research Foundation.^ Under a variety of operat¬ 
ing conditions, these investigators measured the rise in temperature 
of the cathode of this tube above that maintained by the heating element 
during non oscillating conditions. Furthermore, similar increments of 

' W. E. Danforth, C. D. Prater, and D. L. Goldwater, “Back Bombardment of 
Magnetron Cathodes,“ Bartol Research Foundation, NDRC 14—309, Aug. 25, 1944. 
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temperature were achieved by increasing the heater power. In their 
case, the distribution of these two sources of heat can be considered 
equivalent, and it has just been shown in Sec. 12-6 that effects due to 
periodic back bombardment can be neglected. The temperature rise 
during oscillation can be correlated with an average back-bombardment 
power and, knowing the duty ratio, Avith apidse back-bombardmentpower. 



6 8 10 12 14 16 IB 20 22 

Current in amp 

I'li;. 12-21.—Biink-hniiiharrliMRiit power in pernDniiigp of input power for the magne¬ 

tron. Ql = 50. 

In Fig. 12'20 a chart is shown of contours of equal back-bombardment 
power in the (y,/)-plane for a 2J32 magnetron operated at a loaded Q 
of 56. The magnetic field lines are also shown. This chart is typical 
of a number of such plots given in the Bartol report. In Fig. 12*21, 
the same data are presented in terms of percentage of input power. 
It will be observed on this chart that from 2 to 5 per cent of the input 
power appears at the cathode at this loaded Q. 

Furthermore, it will be observed that a very definite maximum in 
the percentage of input poAver returned to the cathode occurs in the 
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neighborhood of 1400 gauss. Mention of this fact has already been made 
in Sec. 10-8. It was stated there that this field value was empirically 
predicted by the formula 

+ 0 (18) 

Until more information is available, it will be impossible to say whether 
or not a maximum in the percentage of input power returned to the 
cathode can generally be expected in the neighborhood of the field 
predicted by Eq. (18). 

In Fig. 12-22 a plot is shown of the back-bombardment power of the 
same 2,132 as a function of total slot conductance G, for a field of 1200 
gauss and a current of 12 amp. A curve of power delivered by the 
electrons to the resonant system is included for comparison purposes. 
It will be seen that the back-bombardment power nearly doubles as the 
load is decreased, while over the same range, the output power is decreas¬ 
ing by nearly a factor of 2. 



12*22.—The dependence on load of (a) output power and (f)) back-boinbardnient 
power for B = 1200 gauss, / = 12 amp, and (7l = 0.11/^^/,. 


The data presented in Figs. 12-21 and 12-22 indicate that the back- 
bombardment power delivered to the cathode of a 2,132 magnetron may 
vary from 2 to 10 per cent of the input power over the known ranges of 
operation. 

Consideration can now be given to the usefulness of the Bartol 
Research Foundation data in predicting the behavior of other mag¬ 
netrons. If the 2J32 magnetron satisfies the requirements for exact 
scaling expressed in Sec. 10-6, the data can certainly be used to predict 
the back-bombardment power of other tubes in this family. Further¬ 
more, in this case, the data should scale to magnetrons of different N 
at least as well as the output power. Consideration of the structure of 
the 2J32 indicates that it should scale properly, and performance charts 
for the tube given in Chap. 10 do, indeed, fit into the general scaling 
scheme. It has been shown in Chap. 10, however, that a rising-sun 
magnetron does not really satisfy the requirements for exact scaling. 
The coincidence that Eq. (18) predicts the critical field for a rising-sun 
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tube and also the field of maximum back-bombardment shown in l ig. 
12-21 raises a possible suspicion that the 2J32 magnetron used here 
possesses in a slight degree some of the properties of a rising-sun mag¬ 
netron. If this is true, the back-bombardment power might be ver}^ 
strongly affected while the output power and other properties of the tube 
are only negligibly influenced. The possibility exists, therefore, that 
the data presented may not be scalable to other magnetrons. 

Other data have been taken, less extensive and reliable than that 
presented in the Bartol report. C. S. Robinson, Jr.^ has taken data on an 
early model of the 2,132 that substantially confirms the Bartol data. 
In Fig. 12-23, cathode-temperature characteristics are given for a 2J42 
loAV-voltage, 3-cm magnetron. Curves are given showing cathode 
temperature as a function of heater power for various average input 
powers. The data always refer to the same operating point because the 
average input power has been changed by varying the duty ratio. By 
reading across at a constant temperature of 900°C, the following table 
can be constructed. At this operating point, therefore, about 8 per 
cent of the input power to a 2J42 magnetron is delivered to the cathode. 


Table 12-1.—Computational Table 


Input power, 
watts 

ll(‘ater power, 
watts 

Power siipj)lieil by 
back boni})ar[lirit*iil, 
watts 

Ratio at 

1) a ck-b on ib ar d in fui t 
. 

power to input 



power, % 

53.2 

: 0.03 

4.22 

7.9 

27.2 1 

2.91 

2.24 

8.3 

136 1 

4.05 

1.10 

8.1 

0.0 

5.15 

0.00 i 

1 



12'B. Thermal Considerations in Cathode Design. —A cathode with a 
length and diameter of active surface fixed by other considerations must 
be constructed to fulfill the following conditions: 

1. Under stand-by conditions with the magnetron in a nonoscillatory 
state, a certain rated heater power must maintain the cathode 
above a minimum temperature that will permit oscillations to be 
initiated when plate voltage is applied at the required rate and 
without damage to the active surface. The temperature must 
furthermore be kept below a maximum value set by considerations 
of life. 


* C. S. Kobinaon, Jr., "Cathode Temperatures in Magnetrons," RL Report No. flO, 
Mar. 31, 1942. 
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2. With the magnetron oscillating and the cathode receiving a 
certain back-bombardment power and with the rated heater power 
reduced by a prescribed amount, the cathode temperature must 
be maintained in a range ensuring proper operation of the tube 
and an adequate life. 

3. The rated heater power must not be greatiu* than some limit set 
by operational requirements. 

4. For barium-strontium oxide cathodes it must be possible to 
dissipate sufficient power in the heating clement to bring the 
cathode to bi eakdown temperature. 


TVie design problem presented by these requirements is so complex 
and so different for each case that no attempt will be made to describe 
specific methods of procedure. Certain general features of the problem 
will be considered, but there will be no close discussion of questions of 
heat flow and radiation. Various degrees of calculation and experiment 
will V)e appropriate in each case to arrive at a satisfactory design. To 
summarize the existing art of cathode design and to serve as a point of 
departure in designing new cathodes, data Avill be presented on the 
construction and thermal prop(U*ties of a number of cathodes that have 
already been built to meet a variety of operating conditions. 

An increased understanding of the problem of cathode design can 
be gained by considering a class of cathodes for which certain general 
relations can be derived. This class includes cathodes answering the 
fr)llowing description; 


1. Their heater construction is such that the heater power and back- 
bombardment power may be considered thermally equivalent. 

2. Heat is lost from the cathode almost entirely by radiation. 

3. The whole cathode structure is at a nearly uniform temperature. 


Radiabmounted cathodes that lose only a small proportion of heat 
through their supporting leads roughly satisfy this description. 

Suppose that is the rated heater power corresponding to a mini¬ 
mum tolerable temperature Ti for starting and that pPu is the power 
corresponding to a maximum tolerable temperature T 2 during operation. 
Tt has already been shown in Chap. 10 that Ph must satisfy the equation 


Pu 



(19) 


vhere x is the fractional reduction in Ph during operation. For the 
cathodes under consideration, 


Pu = C{T\ - Ti) 


(20) 
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and 

^p„ = an - n^), ( 21 ) 

where C is some constant depending on the cathode shape and To is 
the temperature of the surroundings of the cathode and is assumed to 
remain constant. From Eqs. (20) and (21) 

714 _ 7U 

Suppose, for example, that safe temperature limits for a barium strontium 
oxide cathode are 750° and 950°. If 7'o is considered negligible com¬ 
pared with 7\j h]q. (22) yields, for this case, = 2.1. 

With Pn determined from Eqs. (19) and (22) the design problem 
for this class of cathodes is reduced to arranging that the cathode struc¬ 
ture maintain a temperature Ti when Ph watts are dissipated in the 
heater. For a radial-mounted cathode with fixed length and diameter 
of active surface, this essentially involves proper design of the end 
shields. 

If the heater power required by Eqs. (19) and (22) is more than a 
radial-mounted cathode with an active surface of the specified dimensions 
can be designed to dissipate at the temperature Ti, the use of an end- 
mounted cathode is indicated. On the other hand, Eqs. (19) and (22) 
may specify a heater power so small that the dissipation of the cathode 
structure cannot be sufficiently reduced to enable the temperature 
7'i to be attained at Pn watts in the heater. In this case, it is clear that 
the temperature range 7\ to To may be decreased with a consequent 
tlecj-easc in and increase in Ph. 

The cathode data to be presented will include several examples of 
radial-mounted structures. It will not be possible, however, to correlate 
these data with Eqs. (19) and (22) because insufficient information 
exists on the temperatures 7\ and T2 that have been considered 
practicable. 

The cooling of an end-mounted cathode or of a radial-mounted cathode 
with heavy supporting leads is a mixture of radiative and conductive 
heat loss. The construction of end-mounted cathodes, furthermore, 
is often such that the distribution of heater power and back-bombard¬ 
ment power are far from equivalent. Consequently, general relations 
such as Eqs. (19) and (22) cannot be established for end-mounted 
cathodes, and the design problem is more complicated. 

A considerable simplification is made in the problem if the heater 
power can be decreased to zero during operation (x = 0). Then the 
cathode structure can first be designed to dissipate the back-bombard¬ 
ment power Pfl at the temperature T 2 , and Pn can be separately arranged 
so as to maintain a cathode temperature T\ in the nonoperating tube. 
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Table 12-2 


Tube 

Cathode 

type 

Active 
area of 
cathode, 
cm 2 

Stand-by 
beater rating 

Maximum 
average power 
input, 
watts 


vnlt.s 

amp 

watts 

Hadial mounts: 
2J32 

Plain 

3.77 

0.3 

1 .5 

0.5 

000 

4J70 

oxide 

M etallized 

7.30 

10 

3.1 

50.0 

1200 

4J70 

sereen 

Thorium 

7.30 

12.0 

2.5.5 

320.0 

1500 

HPIOV 

oxide 

Oxide 

18.84 

13.0 

8.5 

110.0 

3000 

725A 

HI‘Teen 

Metallized 

0.52 

0.3 

1.0 

0.3 

180 

hjitl iiioiuits: 
2J42 

.sereen 

Oxide 

0.30 

0.3 

3.0 

3.0 

83 

BM50 

screen 

Oxide 

0.12 

0.3 

0.30 

1.0 

0.1!) 

QKbl 

1 screen 

Oxide 

1 . 12 

0.3 

3.5 

22.0 

350 

4.150 

.sereen 

Oxide 

1.07 

12.0 

2.2 

28.0 

700 

3J21 

matrix 

Oxide 


12.0 

1.0 

20.0 

110 

A-131 

matrix 

Tantalum 

0.11 

3.0 

50.0 

150.0 

500 







— 



Heater power in watts 

Fto. 12-23.—Cathode' temperature vb. heater power characterietica of the 2J42 for 
various values of average input power to the magnetron. The curves were obtained by 
varying the duty ratio at a constant operating point of 5.5 kv, 4.5 amp, pulling figure nf 
12 Mc/s 0 c, and loaded Q of 240, 
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A structure arrived at in this way can furthermore serve as a starting 
point in designing a cathode for which x is not to be equal to zero. If 
the radiative or conductive heat loss of this first approximation is suc¬ 
cessively increased, both P// and xPi/ must also increase. The increments 




in xPn will be greater than those in Ph, however, because T 2 > Ti. 
Therefore, by sufficiently increasing the heat loss, x can be brought to 
the desired value. 

Figures 12-24 through 12-34 are 11 enlarged-scale cross-section views 
of cathodes that have been used in various production and experimental 






Skc. 12 - 8 ] THERMAL CONSIDERATIONS IN CATHODE DESIGN 


533 


magnetrons. Five of these cathodes are radial- and six are end-mounted 
designs. These tubes are listed in Table 12-2 with data on the type of 
emitting surface, the emitting area, the stand-by heater ratings, and the 



I 



Fio. 12’27.—Oxido screen cathode of the HPIOV. (Actual size.) 

maximum average input power that the tube is rated to accept at any 
operating point. Except for the 2J32, which is discussed in Sec. 12-7, 
there is insufficient information to translate this input power into terms 
of back-bombardmept power. Consequently these figures can be taken 




534 


THE CATHODE 


[Sec. 12-8 


only as a rough indication of the power-handling capabilities of the various 
cathodes. For three of the tubes, the average power entered in the table 
is underlined to indicate that the tube has accepted that power success¬ 
fully but that it has not been determined to be a maximum value. 

The characteristics of most of the tubes listed in Table 12-2 are 
discussed in Chap. 19. One exception is the A-131, a 3-cm c-w magnetron 
developed at RCA.^ This tube has operated with an input power of 



Fii}. 12-29.—Oxide screen cathode of the 2J42. [2l X.) 


500 watts at an efficiency of 40 per cent. Under these conditions the 
cathode was maintained at 2600°K by reducing the heater power to 
80 watts. 

Two cathode structures are shown for the 4J70 magnetron. One 
of these is the conventional oxide cathode used in production tubes; 
the second is an experimental thorium oxide cathode developed at the 
Bartol Research Foundation. ^ This cathode was developed to permit 
the use of higher input powers and longer pulse durations with the 4J70 
and represents an experimental stage of development. 

1 NDRC 15-RP430C, 1946. 

* M. A. Pomerantz, "Sintered Thnria Cathodes," Bartol Research Foundation of 
the Franklin Institute, NDRC 14-517, Oct. 31, 1945. 
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Fig. 12-30.—Oxide screen cathode of the Fig. 12-31.—Oxide screen cathode of the 
BM50. (5X.) CM16B. (2X.) 


Iron pole piece ^ ^ Coated nickel 

screen cathode 
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Nickel matrix cathode 



Permendur end shields 


Fit;. 12-32.—Oxide matrix eathodc of the 4J50. (2 X 
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Rather complete data are available on the characteristics of the 2J42 
cathode. These data are presented in Fig. 12-23 as an example of the 
thermal behavior of an end-mounted cathode. 

ESTABLISHMENT OF AN AXIAL BOUNDARY TO THE SPACE CHARGE 

By a. M. Clorston 

12-9. Cathode End Shields.- Cathode end shields are short sections 
of enlarged diameter at the ends of a magnetron cathode. Numerous 
examples of these structures may be.seen by referring to Figs. 12-24 
through 12-34. The end shields may be relatively close to or far from 
the top of the anode block. The diameter of the shields may vary from 
only slightly greater than the cathode diameter to even larger than the 
anode diameter. The temperature of the end shields may be equal to 
the cathode temperature or may be sometimes so constructed as to 
maintain a temperature several hundred degrees cooler tlian the cathode. 
Mechanically, the shields may be an integral part of the cathode sleeve 
or may sometimes be separately mounted from the cathode supports. 
The potential of the end shields, however, is always kept the same as 
that of the cathode. 

lOnd shields are a necessary part of a magnetron cathode, required 
to ]3revent electron leakage from the interaction space. If the end 
shields are omitted from the cathode, the volt-ampere characteristic 
at a fixed field \v\\\ be as shown by the 
solid curve in Fig. 12-35, whereas the 
characteristic of a normal tube is as 
shoAvn by the dashed curve. It has 
been demonstrated that this current 
flowing to the anode in the absence of 
end shields is collected almost entirely 
on the end plates of the magnetron as 
long as the applied voltage is below 
cut off. For example, currents up to 00 
or 70 amp may thus flow out of the 
interaction space of a 4J70 magnetron built without end shields. Under 
these conditions a magnetron cannot oscillate. 

There are two possible explanations of these large leakage currents 
that are not encountered in ordinary electron tubes, and both are con¬ 
nected with the presence of the magnetic field. (1) A magnetron is 
usually operated at a voltage several times greater than would normally 
ha applied to a similar nonmagnetic diode. Consequently, the space- 
tdiarge densities necessary to give a zero gradient of electric field at 
the cathode are also seAU^ral times larger. The repulsive force exerted 
on electrons near the ends of the interaction space by this large space 



Ficj. 12-35.- (iJ.f) = L'haritotBristiL'. of a 
magnetron without end shields. 
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charge may therefore account in part for the large leakage currents. 
(2) If the magnetic field near the ends of the cathode decreases in a direc¬ 
tion away from the center plane of the anode block, the electrons in this 
region will feel an additional force directing them out of the interaction 
space. This effect can sometimes be counteracted by constructing the 
end shields of magnetic material in such a way that the fields increase 
away from the center plane. The 4J50 cathode illustrated in Fig. 12-31 
has Permendur end shields for this purpose. A discussion of this effect 
will be found in Chap. 13. 

Cathode end shields prevent electron leakage from the interaction 
space by distorting the equipotential lines near the ends of the inter¬ 
action space in such a way as to inflict an inwardly directed component 
of force upon the electrons. This component of force, being essentially 
parallel to the magnetic field, simply urges the electrons toward the center 
plane of the anode block. 

The presence of the end shields, unfortunately, is not always felt 
solely through their electrostatic effects. Under certain conditions, the 
shields may emit electrons that, originating closer to the anode than dti 
those emitted from the cathode surface, respond differently to the electric 
fields. Such electrons may contribute to an observed leakage current, 
and they may sometimes act to increase or decrease the mode stability 
of a pulsed magnetron. A further discussion of this matter is to be founil 
in Chap. 8 and in a report by P. Forsberg.^ 

Under various circumstances, the electrons emitted by an end shield 
may be either primary or secondary. Primary emission is promoted by a 
high end-shield temperature and by the accumulation of active material 
on the shield by evaporation or surface diffusion. Secondary emission 
apparently can arise from bombardment of the shields by the longitudinal 
movement of electrons in the interaction space as already discussed. 
Kvidence for this effect will be found in the report by Forsberg. 

For all practical purposes, the design of end shields is completely 
empirical. A good procedure for a new case would be to start with a 
design that resembles mechanically and electrostatically one of tht^ 
examples in Sec. 12-8. If behavior of the magnetron is then satisfactory, 
the end-shield design can be considered adequate. On the other hand, 
the tube may present large leakage currents or poor mode behavior. 
In order to determine whether or not these effects are a matter of end- 
shield design, tests should be made to discover (1) if current is escaping 
from the interaction space and (2) jf electrons are being emitted from th(‘ 
end shields. Point 1 may be tested directly by inserting insulated end 
plates or pole pieces in the tube and measuring the current collected upon 

1 P. Forsberg, “Some Relations between End Effects and Mode Stability in the 
4J31-35 Magnetrons,” RL Group Report No. 52, Nov. 2, 1945. 
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thenn. The point may also be studied by redesigning the end shields 
to decrease electron leakage from the interaction space and then observing 
the change in tube behavior. This redesign should increase the diameter 
of the shields or bring them closer to the top of the anode block. 

Point 2 is difficult to test directly and can be best studied by making 
changes in design that tend to decrease any end emission present. The 
most effective course is to redesign the shields so that they operate at a 
lower temperature. The end-shield temperature can be directly observed 
if a window is incorporated into the tube. In making this redesign, it 
must be remembered that the shields may receive energy from electron 
bombardment as well as by conduction and radiation from the cathode. 
If improvement in the tube characteristics results from a decrease in 
the end-shield temperature, indicating that emission from the shields is 
present and important, further improvement in behavior may possibly 
be obtained as follows: (1) by designing a trap to prevent surface diffusion 
of active material to the shields, (2) by constructing the shields from or 
coating them with a very poor emitter, and (3) by decreasing the diam¬ 
eter of the shields so that any electrons which are emitted will have a 
less deleterious effect upon the operation of the tube. 



CHAPTER 13 


THE MAGNETIC CIRCUIT 

By J. R. Feldmeier 

The essential features of the magnetic circuit for microwave mag¬ 
netrons are (1) minimum weight, particularly for airboriu^ radar; (2) 
constant magnetic field under operating conditions; and (3) a proper 
field shape for efficient magnetron opt^ration. The most convenient 
source of magnetic flux satisfying (1) and (2) is a permanent magnet, 
for an electromagnet requires a constant-current po\N er supply. Electro¬ 
magnets are, however, more convenient than permanent magiu'ts for 
testing experimental tubes, as it is usually necessary to cover a con¬ 
siderable portion of the performance chart by varying the magnetic ficdd. 
Thus both electromagnet and permanent-magnet designs are of c-oncian. 
The principles of electromagnet design are generally understood and 
covered in most texts on electricity and magnetism; the principles of 
design of permanent magnets are less well known and so will be reviewed 
here with special emphasis on those features which are important in the 
design of lightweight permanent magnets for microwave magnetrons.^ 
13-1. Design of Permanent Magnets.— The general type of magnetic 
circuit used with microwave magnetrons is shown in Fig. 131. Tln^ 
following symbols are used to define the geometry of the magnet and 
air gap: 

Ig = length of air gap, 
dg = diameter of air gap, 

Ag = area of air gap, 

Im = length of magnet, 

Am = area of magnet (neutral section). 

To arrive at a relationship of these geometrical variables with the flux 
densities and field strengths associated with the magnet and the air gap, 
one applies the equations of continuity and conservation of energy to the 
magnetic circuit; 

j R dA = Const., for any cross section of the circuit, (1) 

‘ See R. L. Sanford, /‘Permanent Magnets,” Bur. Standards Circ. C448, for a more 
general discussion and for a bibliography of the subject. 
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and 

j h dJ = 0, for any closed path around the circuit, (2) 

where ^ is the flux density and // is field intensity or magnetizing force. 

Eiiuaiiuns (1) and (2) are diffi¬ 
cult to integrate because of the flux 
leakage along the circuit and the 
uncertainty ot the path of a given 
line of force. Foi’ this reason it is 
custoniaiy among magnet designers 
to define B„ and //„, as average values 
in the neutral section of the magnet 
and Bf, and !!„ as average values 
within the geometrical gap area. 

Approximations to the integi al equa¬ 
tions are then obtained by the use of 
If'akage factors defined as 

BmAm = B.AgF, (3) 

Iltnfm = HglJ. (4) 

(Combining Eqs. (3) and (4) gives AJ„, = {Ff/BmHm)BgHgAglg. Using 
p as the density of the magnet material, one obtains an equation for 
magnet weight. 

Ffo 

Weight ot magnet = BlA„l„, (5) 

where //„ and Bg art' considereil numerically equal in the gap. 



This equation shows that the magnet Aveight is proportional to the 
leakage factors and to the'volume of the air gap. The weight is also 
least for the maximum value of the product BmHm, which is known, a&the 
'^energy product because it is proportionals to the energy pQr,.^unit 
volume of magnetic material available for maintaining a magnetic field 



Fiu. 131.—General type of magnetic 
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in a gap. Questions such as how to maximize the energy product and 
what values can be expected can be answered by studying the hysteresis 
cycle of the magnetic material. A typical hysteresis cycle is shown in 
Fig. 13-2. The solid line in the first quadrant is the path followed by the 
magnet material when the magnet is charged by applying the indicated 
peak magnetizing force and then reducing the magnetizing force to zero. 
For the present consideration the second quadrant of the cycle, resulting 
from a demagnetizing force due to the introduction of an air gap, is the 
important one because it is the region occupied by a working magnet. 
This second quadrant contains the so-called ** demagnetization curve. 



Demagnetizing furce H in oersteds Energy product BmHm 


Fiw. 13-3.—Demagnetization and energy product curves of Alnico alloys. {From the 
Arnold Eriginz^ring Co. Bulletin, "Permanent Magnets for Industry," and from the Indiana 
Steel Products Co., Permanent Magnets Manual No. 3.) 


Such curves for several magnet materials are shown separately in Fig. 
13-3, along with their corresponding -curves. The advantage of 

Alnico V from the point of view of weight conservation is patent, for its 
energy product is three times greater than the next best magnet material, 
Alnico II. In order to realize the maximum value of Alnico V of 

4.5 X 10®, the magnet must be operated at the point on the demagnetiza¬ 
tion curve of 9500 gauss flux density and 475 oersteds field strength. 
The point on the demagnetization curve at which a magnetic circuit will 
come to equilibrium upon the introduction of a gap may be expressed in 
terms of the angle a shown in Fig. 13-3, which results from Eqs. (3) and (4). 


a 


= tan“^ 


flgHg-A. JH 

FlmBgAg 


( 0 ) 
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Thus for a magnetic circuit with an air gap (m = 1) of given dimensions 
and for fixed leakage factors, the ratio of the area to the length of the 
magnet material should be adjusted for maximum BmHm- Figure 13*3 
and Eq. (6) indicate that if the operating value of magnetic flux density 
is below 9500 gauss, the magnet must be decreased in cross-sectional area 
and increased in length (for the same magnet weight) in order to increase 
the magnet efficiency. Roughly, this adjustment is an increase in the 
magnetomotive force at constant reluctance with a corresponding increase 
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J'lU. 13-4.—VarialiDii of wpight with thr >jq\iaip of the gap flux dciiaitj fur a gap length 
Ilf 0.312 in. For magnet 1 : Rm = 7730 gauss; = 525 Dersteds; B„iHm =4.1 X 10^; 
F = 28; and / = 1.8. 

in flux density. This balancing of magnetic reluctance and magneto¬ 
motive force is analogous to the case of a battery working into a resistance 
that is a nonlinear function of the current.^ 

Although Eq. (5) is only an approximate solution to the exact integral 
equations and the factors F, /, BmHm, and Ig are not independent, the 
equation does afford a convenient means of scaling from one set of condi¬ 
tions to another, particularly for small scaling factors. The equation 
predicts that the magnet weight should vary as Bl when the other quan¬ 
tities are assumed constant. This relationship is supported by experi- 

^ For a detailed discusHiDii of the analogy between electric and magnetic cir¬ 
cuits, see E. E. Staff of Massachusetts Institute of Technology, Magnetic CircuiU and 
Transformers, Wiley, Nejv York, 1944. 
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ence. The variation of Bg with the gap length Ig for a given form of 
magnet material as predicted by Eq. (5) is not obtained in actual practice 
because F, /, and BmHm are strongly dependent on Ig. The data plotted 

in Figs. 13-4 and 13-5 exemplify 
these two cases; these data were 
taken using the iron pole tips 
described by Fig. 13’6. These 
curves are numbered to correspond 
to (1) the 27-oz 2J42 magnet, (2) 
the 12-oz 2J39 magnet, and (3) a 
7.5-oz magnet similar in contour to 
the 2J39 magnet. The relation¬ 
ship between Ig and Bg is deter¬ 
mined by the log plot of Fig. 13-5. 
The slopes of the lines for all three 
magnets are nearly the same and 
have a value of 1.06 rather than 2, 
the value predicted by Eq. (5). 
The plot of weight against in 
Fig. 13-4 is in much better agreement with Eq. (5). 

The usefulness of Eq. (5) is limited by the difficulty of calculal ing the 
leakage factors F and /. Methods for estimating these factors^ have 



Fiti. 13-5,—^Log plot of gap length 
against flux density for three magnet 
designs. 



been devised, but none of them claim any great accuracy; hence greater 
reliance should be placed on experience obtained from similar circuits. 

^ E. M. Underhill, “Permanent Magnet Design,” Electronics, 16, 126 (1943); 
Hanford, op. cit., p. 31; Staff, op. cit.„ p. 105. 
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Flux leakage can be reduced if the following rules are followed: 

1. The permanent magnet material should be located as near the gap 
as possible. Magnets 1 through 8 of Fig. 13-7 demonstrate this 
rule; the magnetic material is next to the air gap, and the iron yoke 
serves as a base. 

2. The magnet material at all points should be worked at the optimum 
flux density BmlJm- This is accomplished usually by increasing the 



Fig. 13 7—Magnpti on iniignpts varying in weight from 250 lb to ^ lb. 


cross section of the magnetic material as the distance from the air 
gap is increased. 

3 In arraiigi'ments similar to that shown in Fig. 13-1 (except for 
the ends nearest the gap) the magnetic material should be kept 
separated as much as possible to prevent leakage across the 
enclosed region. 

4. The angle of taper on iron pole tips should be the maximum that is 
consistent with saturation of the iron. 

The latter is explained by reference to Fig. 13-8. For cylindrical pole tips 
as shown in Fig. 13-8a there will be less flux leakage across the space from 
one cylindrical surface to the other than in the case of the tapered tips 
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(tnincated cones) shown in Fig. 13*8b. The flux leakage results in an 
increase of total flux in the iron with distance from the gap. Under the 
condition of constant cross-sectional area the flux density away from the 
gap will increase and the permeability decrease/ resulting in an increase 
in the reluctance of the iron. By tapering the iron to increase the cross- 
sectional area with distance from the gap, the reluctance can be main¬ 
tained constant so that the iron will saturate uniformly along its length. 
This is done at the cost of increasing the flux leakage. If, in addition, 
the reluctance of the iron is maintained negligible compared with the 
reluctance of the gap, then the maximum magnetomotive force will 
appear across the gap. 



If the field uniformity in the gap is to be determined by methods (see 
Sec. 13-5) where the contour of the iron is taken to be an equipotential 
surface, no parts of the iron in the neighborhood of the gap should be 
allowed to saturate below the working gap flux density. For this reason 
it is necessary to round off all corners to prevent saturation. Figure 13-6 
shows the result of applying these principles to a pole-tip design. For a 
0.312-in. separation of such tips no saturation occurs below 6000 gauss 
gap flux density. In cases where it is not important to know the exact 
field shape, the corners on the tips need not be removed. 

Rules 1 to 4 are not always mutually consistent, and a compromise is 
usually necessary; the nature of the compromise depends on the particular 
application. 


* See Staff, op. cit,, p. 23, for the magnetic properties of iron. 
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Figure 13 7 shows a variety of magnets that may serve as a basis for 
new designs; Table 13-1 gives the w^eight, field, and gap dimensions of 
these magnets. 


'Fabi.e 131.— Pertinent Data on the Maunets Shown in Fio. 13-7 


.Masii I’t 
No.* 

Weight, 

lb. 

Approximate 
Bg, gauss 
(stabilized 
5%) 

Gap 
length 
Igj in. 

Gap 
diani. 
dfff m. 

Iteiriarks 

1 

250 

3000 

2.70 

2.50 

Iron base 

2 

100 

2400 

2.75 

2.00 

Iron base 

3 

42 

3400 

1.50 

1.62 

Iron base 

4 

mi 

2500 

1.40 

1.62 

Iron base 

5 

13M 

2500 

1.30 

1.62 

Iron base 



1350 

1.50 

1.62 

Iron base 

7 


4800 

0.69 

0.75 

Alnico bolted together 

with iron spacer 

8 

8 

4850 

0.G3 

0.75 

Alnico bolted together 

by aluminum base (no iron) 

H 

m 

5000 

0.28 1 


Using iron pole pieces (5 oz) 

10 

H 

3800 

0.28 1 


described in Fig. 13-6. 


Aclditiiiiial data on iiiagiml weight and flux density are given in Chap. ID. 


Physical Pro'periiiis of Alnico V .—One of the most important physieal 
properties of Alnico V for magnet design is the directional property of 
flux conductivity. This property is a result of the heat-treatment process 
to which Alnico V is subjected during manufacture. In the heat treat¬ 
ment the magnet material is cooled in the presence of a magnetic field, 
the direction of which is the same as the field to be generated by the 
working magnet. The shape of the Alnico V should conform as closely 
as possible to the magnetic field in which it is processed, and the difficulty 
of producing a processing field of any desired shape places a limitation 
on the possible shapes of the magnetic material. The bar magnet is the 
easiest to heat-treat because the necessary field can be produced between 
flat poles of an electromagnet. A C-shaped magnet like that of the 2J39 
is not much more difficult to heat-treat because it can be treated in the 
fringing field of flat pole pieces. If one must deviate from these simple 
shapes, care should be taken to arrive at a shape consistent with the field 
shapes that can be obtained for heat treatment. Nevertheless, magnets 
of unusual shapes have been successfully made by locating ferromagnetic 
material in such a way as to distort a normally uniform field or a fringing 
field into the desired form. 

In addition to the alignment of the magnetic field during heat treat¬ 
ment, a rapid quench is important. For this reason the volume of a 
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single piece of Alnico V must not be too great. To obtain a rapid quench 
for very large magnets it may be advantageous to make the magnet in 
several sections which finally are combined and held together with iron 
yokes to form a completed circuit. 

Alnico V must be cast, and in this form it is coarse-grained, brittle, 
extremely hard, and nonforgeable. Because holes cannot be drilled 
economically, mounting holes are cored in the casting. Soft-iron inserts 
are cast into the magnet during the pouring process and later drilled and 
tapped; but because of the large shrinkage during cooling (2.6 per cent), 
this is successful only when the dimensions of the Alnico arc large com¬ 
pared with the hole. 

Flat surfaces can be ground to close tolerances, but cast tolerances are 
usually set by the magnet manufacturers at not less than ±0.015 in. 
Arc welding of Alnico with stainless steel or phosphor bronze rods is only 
partially successful; soft soldering can be done if the surfaces are care¬ 
fully prepared with an acid. The magnetic propeities of Alnico ari' 
impaired if it is raised to a temperature over 1100°F after the heat 
treatment. 

Table 13-2 gives some additional properties^ of Alnico V useful for 
design purposes. 

Table 13'2. —Pkopehties of Alnico V* 


Specific gravity. 7.3 

Electrical resistance at 25“C. 47 X 10“® !2cm/cm= 

Tensile strength. 5450 lb/iii.=* 

Transverse modulus of rupture. 10,200 Ib/in.^ 

Hardness, “Kockwcll C". 45-55 

Coellicicnt of thermal expamion. 11.3 X 10“V“C 

CourtcKy □! U. M. Underhill. 


13-2, Magnet Charging.—The magnet material is magnetized by 
taking it through the first quadrant of its hysteresis cycle as discussed 
in Sec. 13T. In order to reach the maximum value of magnetic flux 
density, every part of the Alnico V must be magnetized to the ijoint of 
practical saturation, and for this a magnetizing field of about 3000 
oersteds applied to the Alnico in the direction of the working field is 
necessary. If the magnetic material is properly heat-treated and the 
above value of field strength is applied to the Alnico V, a rcmanence 
value of magnetic flux density of 12,600 gauss should be realized as shown 
in Fig. 13-3. 

An electromagnet that can supply the required field provides a con¬ 
venient means of charging bar magnets, as they require only straight 
fields. Magnetron magnets, however, are usually of such contour that 

^ E. M. Underhill, “Mechanical Problems of Permanent Magnet Design," Ehc- 
iranieSj 17, 126 (1944). 
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it is simpler to charge them by surrounding the material with one or more 
solenoids. In this arrangement soft-iron bars are placed across the ends 
of the magnetic material so that a closed magnetic circuit results. The 
solenoid may be excited by connecting it across a d-c source with high 
current capacity, but a better method is to employ a high-current 
impulse. Condenser discharge and half-cycle^ impulse chargers have 
been employed. A typical circuit for the condenser discharge method is 
shoAvn in Fig. 13-9. The storage condenser consists of a bank of 100 
40-/if dry electrolytic condensers connected in parallel by heavy leads. 
The condensers, which have a rating of 500 working volts, are charged 
to 400 volts by a small 200-ma d-c power supply and discharged through 



FiiJ. 13-9. "(Urcniii of [•Diiclmser-discharge method for charging magnets. 

an igniti on (GL415) in scries with the magnetizing coils. Peak currents 
of 1000 amp can be obtained in this way. Care must be exercised when a 
condenser discharge is used for charging to prevent oscillations in the 
circuit and the resulting reversed magnetic fields. In this circuit the 
igiiitron serves this purpose. 

The magnetizing coil must be constructed so that for the pulse current 
oijtainable a field of 3000 oersteds in air is produced. If the length of the 
coil is short compared with the magnet length, the coil should be moved 
along the magnet to apply the maximum magnetizing field to each por¬ 
tion of the Alnico V. Care should be taken not to cross-magnetize the 
magnetic material. 

If the magnetron is the ''packaged type,"' that is, with the magnet 
permanently attached to the tube, the magnet can be charged separately, 
stored with an iron keeper,^' and then slid onto the magnetron so that 

^ See II. W. Lord, "A Half-cycle Magnetizer with Thyraton Control,” Gen. Elec. 
Rev., 40, 418 (1937). 
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the magnet is never made to operate into a gap greater than the working 
gap. 

13-3- Magnetic Stabilization.—Inspection of a performance chart 
shows that the characteristics of a magnetron are such that constancy of 
magnetic field is extremely important if constant power input, power 
output, and magnetron frequency are to be maintained. This section 
will discuss qualitatively the phenomena of magnet stability and give- 
some quantitative information on the effect of various demagnetizing 
forces. 

Stability against Change in Air Gap or against Stray Demagnetizing 
Fields. —Figure 13-3 is useful in obtaining a qualitative understanding of 

magnet stability. It is prefcrable 
for this purpose, however, to plot 
the flux density in the air gap 
along the vertical axis instead of 
the flux density in the magnet Bm, 
because Bg is the variable of direct 
concern. According to Eq. (3), 
this amounts to multiplying the 
vertical axis of Fig. 13-3 by the 
factor Am/AgF. Referring now to 
Fig. 13TO, a is the point at which 
a gapless magnetic circuit will 
come to equilibrium after the 
charging field is applied and then 
reduced to zero. If the keeper is 
removed, introducing an air gap 
of length Igj the circuit Avill be in 
equilibrium at point b, where b is defined according to Eq. (4), and may 
be expressed in terms of the angle /9 thus: 

t.„ ^ = &- (7) 

The flux density Bo corresponding to the point b has become known as the 
‘‘saturation value” of flux density. If a further demagnetizing force 
Hi — Ho is applied and then removed, the circuit will first follow the 
major hysteresis curve b to c and then the minor hysteresis loop c to d. 
The result of the demagnetizing force is a decrease in magnetic flux 
density of Bq — Bi. If the same demagnetizing force is applied and 
removed a second time, the magnet will follow very closely the same 
minor hysteresis loop and return to the point d with a negligibly small 
change in B. Hence Bi has become known as the ^'stabilized value” of 
flux density, stabilized for a demagnetizing force smaller than Hz — H^. 
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The previous discussion is valid for demagnetization effects due to the 
introduction of air gaps into the magnetic circuit or to the presence of 
neighboring a-c or d-c magnetic fields. Quantitatively the resistance of 
magnetic materials to these demagnetizing forces is a function of the 
coercive force of the material. As seen in Fig. 13-3, Alnico IV is better 
than Alnico V in this respect. [A 
recently reported new Alnico, Alnico 
IX, has an even higher coercive force 
(approximately 950 oersteds), but 
like Alnico IV its energy product is 
low—1.8 X 10®.] Figure 1311 shows 
the effect of stray demagnetizing 
fields on Alnico V compared with 
tungsten- and cobalt-alloy steels. 

The coercive forces for the tungsten 
and cobalt steels are 05 and 230 oersteds, respectively. It has been 
arbitrarily established that for magnetron magnets, the operating flux 
density Bi (see Fig. 13T0) is set from 3 to 5 per cent below the saturation 
value j5o. This controlled demagnetization is most conveniently accom- 
xdished by subjecting the Alnico to an a-c magnetic field. For magnetron 
magnets separate from the tubes, this can be done by alternately apply¬ 
ing an a-c field and measuring the resultant flux density (see Sec. 10-5). 
It is also customary to keeper stabilize'^ the magnet. This is done by 
inserting and removing the magnet keeper three or four times. On the 
BH curve of Fig. 1310 this amounts to running up and down the minor 
hysteresis loop c-d, reducing the effects of the actual nonlinearity and 
noiireversibility of the path c-d. 

Temperature Stability .—The effect of temperature changes on the 

magnetic properties of Alnico V is of a 
different nature from the effects dis¬ 
cussed previously. This effect from 
— 180° to +500°C is reversible, so that 
any temperalilre cycle between these 
values results in no permanent change 
in field strength. A typical value for 
this change is —0.25 per cent in field per 
degree centigrade. This change in mag¬ 
netic field with temperature produces a 
change in magnetron current that de¬ 
pends on the dynamic impedance and 
rate of change of voltage Avith magnetic field of the particular magnetron. 
Figure 13T2 shows the behavior of Alnico over a wide range of temper¬ 
ature, along Avith a comparison of Alnico with some alloy steels. 
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I'li;. 13-12.—Hc.si.-itiinrp of mag¬ 
netic materials to ieiiipcratiire 
changes. [From the Arnold En- 
uincerino Co. Bulldin "Permanent 
Magneis for Iruh \stry . ”) 
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Fii;. 13-11.—11 esi stall CO of inagiiotic 
materials to stray riemagiietiziiig fields. 
[From I hr Arnold Engineering Co. 
Bulletin "Permanent Magnets for 
Industry.") 
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Effects of Neighbormg Ferromagnetic Material ,—Neighboring ferro¬ 
magnetic material has two effects on a magnetic circuit. The first is 
shunting of magnetic flux by the material, which has the same effect on 
the flux density in the magnet as a decrease of gap length; and hence, if 
the magnet has been stabilized to a great enough degree, no residual 
change in field strength remains after the material is removed. The 
second effect is a rearrangement of the magnetic dipoles in the magnetic 
material. This does leave a permanent effect unless the magnet is 
recharged. The magnitude of degaussing, produced by the proximity 
of ferromagnetic material, depends upon many factors, such as the size 
of the magnet and ferromagnetic object and the location of the point at 
which contact is made. An idea of the order of magnitude of this effect 
can be had from the fact that magnet 5 in Fig. 13-7 is degaussed by 5 per 
cent from the saturation value if an iron bar f in. in diameter and (i in. in 
c 100 I ■ 1 length is touched directly on the 

c g'g Ainico Alnico V near a magnet pole. This 

^11 90 — -^ 0^1 ( 35 ^) 5 tgg| degaussing effect drops off rapidly 

I* ™ ^ I Tungsten steel with distance of approach of the iron 

0 500 1000 bar, so that the degaussing is only 

Number of impacts 0.8 per cent if the bar is brought 

Fig 1313.-ReaistaiiCB of magnetic irV in. of the Same Spot aS 

materials to vibration elTects. {From * 

the Arnold En^jinevrinQ Co. Bulletin, '*Per- above. For this rcason magnetron 
manent Maanets for Industry.") magiicts are alwavs covcred with a 

protecting material to prevent direct contact with magnetic material, 
particularly in the neighborhood of the magnet poles. 

Vibration Effects .—Even though the effect of vibration on Alnico V 
does not appear important for any pi*actical conditions associated with 
magnetron magnets, data are presented in Fig. 13T3 showing the resist¬ 
ance of Alnico and some alloy steels to vibration. 

13-4. Field Uniformity.—The efficiency of a magnetron depends upon 
the magnetic-field uniformity within the interaction space. Except at 
the very ends of the interaction space (sec Sec. 12-11), a uniform field is 
desirable. 


(£ M 2 [Tungsten steel I 

E BO-'--' 

0 500 1000 

Number of impacts 

Fig. 13-13.—Resistance of magnetic 
materials to vibration effects. {From 
the Arnold Enyineering Co. Bulletin, "Per- 
manent Magnets for Industry.") 


The need for uniformity arises from the large changes in current that 
result from small changes in magnetic fields. The performance chart of a 
typical magnetron is shown in Fig. 19-44, and from this it may be seen 
that a change in field from 5100 to 5330 gauss results in a 2 to 1 change in 
current. Thus, a variation of this amount in magnetic field along the 
height of the anode will result in operation over the low-field regions at 
twice the current density of the high-field regions. Damage to the 
cathode at these low-field high-current points has frequently been 
observed. Axial uniformity to better than 5 per cent is a safe rule to 
follow. 
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For magnetrons having separate magnets with flat pole pieces, this 
condition is satisfied if the gap length is equal to or less than the gap 
diameter, provided the anode diameter of the magnetron is less than halt 
the gap diameter. When tubes have attached magnets, often the pole 
tips have holes in them to admit the cathode structure. Up to a certain 
ratio of hole diameter to anode diameter, the holes tend to increase the 
field uniformity in the center of the region between the tips. Very large 
holes must be drilled in magnetrons with a large number of resonators, as 
the ratio of cathode to anode diameters becomes large, and undesirable 
field configurations are likely to occur. With 16 or more resonators it 
has been found that this hole becomes so large and the magnetic field so 
distorted that very low efficiencies result. To correct this, magnetic 
material is attached to the cathode structure, thereby effecting a concen¬ 
tration of flux toward the axis of the magnetron near the ends of the 
anode, and approximating the desired form as discussed in Ser-. 1211. 
The material attached to th(‘ cathode structure must not saturate below 
the working flux density, and, furthermore, the Curie, point of the mate¬ 
rial must be above the cathode temperature. The magnetic material 
Fermendur (50 per cent Fe, 50 per cent ("o) meets these requirements 
satisfactorily. This material was used in the 4.152 (see Chap. 19), wht‘r(^ 
it replaces the usual nickel electrostatic shields to prev ent electron leakage 
at the anode ends. In addition to producing the desired field shape, it 
also reduci\s the (dfec.tive gap between the poles. 

13-5. Testing and Measurements.—The testing of permanent magnet 
materials to dettumiiie the shape of the hysteresis cycle^ as well as 
methods for determining flux density^ ’’* in the gap or neutral section of a 
finished magnet are well standardized and will not be discussed here. 
It should be emphasized, however, that the fields in the gaps of magnetron 
magnets are rarely uniform, and hence the measurement of the average 
flux density in om^ of these gaps depends largely upon the size and shape 
of the test coil employed. For this reason the Signal Corps and Bureau 
of Ships have established a set of standard test coils for measuring the 
average flux density over a volume correspomling to that of the inter¬ 
action space.^ The expression *‘flux densityas used in this chapter 
means the average flux density over the area occupied by the appropriate 
test coil. 

L. Sanford, 'Magnetic Testing,” Hur. Standards Circ. C415, 1937. 

^ R. A. laivvs, EkvirivMl MmsurmnvntSj McGraw-Hill, New York, 1938. 

Attention is drawn to a novel fluxmeter developed by the Marion Electrical 
Tnstrunieiit Co., Manchester, N.H., which is extremely useful for making quick 
checks on flux density. Rtv. Sci. InsirunienUj 17, 41 (1946). 

“* The details of the standard ”200” coil suitable for gaps and magnetic fields 
encountered in 3-cm magnetrons may be obtained by writing to the U.S. Bureau of 
Standards. 
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Equipotential 



Fig. 1.3*14. —Two-diinenaiDnal 
fiold plot. 


Field Shape. —The shape of the magnetic field in the interaction space 
is of considerable importance, and it is often necessary to determine the 
field shape for a new tube design. If the volume of the air gap is large 
compared with the volume of the field-measuring device, the field pattern 
can be obtained by direct measurement of the field intensity at several 
points over the gap. For the air gaps associated with magnetrons at 

5-cm wavelengths or longer, field plots can 
be made with a magnetometer developed by 
Line 0 orce General Electric Research Laboratories 

having a sensitive element only | in. long 
and in. in diameter. 

Equipotential plots of the electrostatic 
fields between model pole tips immersed in 
water give the shape of the magnetic field 
directly if three dimensional models are used. ^ 
Fig. i3 i^~-TwD-dimensiDnal ^ geometrical method of obtaining flux 

plots satisfying Laplace\s equation has been 
developed by Grout.^ This method is useful in a wide variety of applica¬ 
tions and will be considered in detail. 

For simplicity the method will be described by considering the case 
of a static two-dimensional magnetic field. Suppose a number of lint^s 
of force and equipotentials be drawn as in Fig. 13-14 and the tubes of flux 
and the strips between adjacent equipotentials be numbered according 
to the following definitions: 

If = potential at any point, 

0 = flux between a reference line of force and that point, 
Au\j Au 2 , ■ ■ ■ = potential difference across the various strips formed 
by the equipotential lines, 

= curvilinear rectangle comprising the region com¬ 
mon to the ith strip and jth tube of flux, 

Au], Av 2 f ■ • ■ = fluxes in the flux tubes of unit depths seen as 
from above, 

Rij = reluctance of the volume of unit depth seen as 
\ij\ from above, 

Eij = energy in the volume of unit depth seen as 
from above, 

^ = permeability of the medium containing the field 
(assumed constant throughout the field). 


Au], Avi 


^ V. K. Zworkin and G. A. Morton, Television^ Wiley, New York, 1940, p. 73; 
L. M. Myers, Electron Optics^ Van Nostrand, New York, 1939, p. 129; A. Kolin, 
"Mercury Jet Magnetometer," Rev. Sci. Instruments^ 16, 209 (1945). 

* Prescott D. Grout, "The Determination of Fields Satisfying Laplace's, Poisson’s, 
and Associated Equations by Flux Plotting," RL Report No. 1047, Jan. 23, 1946. 
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and 


Rii = 


Aut 

Awy 


JiL, 

tlWi- 


K. 


AUiAvj 

Stt 


( 8 ) 


(•») 


Now if the are all equal and if the Af^/s are all equal, the curvilinear 
rectangles will all be similar and have the same reluctance and contain 
the same field energy. Furthermore, the 
field will consist of curvilinear squares if 
the spacings of the lines are such that 
^{Au/Av) = 1. Therefore, a map of the 
field can be obtained by sketching in a 
network of curvilinear squares by trial and 
error. The accuracy of the plot may be 
improved in any region by further sub¬ 
dividing the initial squares. When the field 
is known to have definite symmetry, this 
fact should be used to reduce the size of the required map. 

To prove that the “ squareflux plot is a possible field, one resorts to 
tlu' definition of a gradient to obtain 



Fiu. 13-15.—Relation between 
gradients and partial derivatives 
of u and V. 


IAkI 


iiiui to Eij. (8) to show that 


An 

AVj 

W^j 


iv,.| 


~ = K = const, for all points. 
M 


(lOj 


(ID 


Hence the gradients and the partial derivatives of u and v are related as 
in Fig. 13T5, from which it follows that 


du 


(12) 

du 

dy ~ 

„ dv 

— A — 
dx 

(13) 


By differentiating Eq. (12) with respect to x and Eq. (13) with respect 
to y and adding, one obtains Laplace^s equation: 


d'u 

dy- 


= 0 , 


(14) 
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and similarly, 


^ ^ = 0 . 
^ dy-^ 


(15) 


By similar ari^umrnts one r;an arrive at the eonditions for the casi' 
of an axially-syinmetrical three-dimensional field, which is the case 



usually met in magnetron-magnet design. Using the same notation as 
befori' but rotating \i,j\ through an angular depth of 1 radian to form the' 
element of volume rather than taking a linear depth of 1 cm, one can say 


and 


p 


lij 

fir ifWij 


_ AuiAVj 


(16) 


( 17 ) 
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where n; is the radius of the center of ij. Rather than a network of 
fiirvilinear squares, the plot must be constructed to meet the condition 


w here 

K = = const. (18) 

Ay,- 

Figure 13-16 shows the result of the application of this method to the 
problem of magnetron pole-tip design. 

In addition to being a quick method for obtaining a plot of any 
desired accuracy, this has the advantages of being applicable to peculiar 
boundary conditions, of giving a complete picture of the field, and of 
conveying an idea of the relative importance of the various factors that 
determine the field.' 

^ For application of the method to several additional eases, see the original report 
by Crout. 




PART IV 


TUNING AND STABILIZATION 


One of the moat inconvenient features of microwave magnetrons is the 
difficulty of making them tunable. Because the resonant circuits are 
within the vacuum envelope, they are rather inaccessible, and changing 
either their capacitance or inductance presents a mechanical problem of 
.some intricacy. The problem is complicated further by the general limi¬ 
tations on space and the requirement that the tuning mechanism leave the 
normal resonances relatively undLsturbed. 

Considerable effort was expended in making magnetrons tunable, as 
this feature adds greatly to their usefulness. Not only does tunability 
permit a single magnetron to operate on a number of frequencies, but 
also it is essential if operation at a precise frequency is required. 

Two distinct kinds of tuning exist. Tn one, the variation in frequency 
is accomplished by mechanical means. Here the rate at which tuning 
can be accomplished is slow, but the range of tuning is large. This topic, 
is the subject of Chap. 14. The second kind is the so-called ^‘electronic 
tuning/^ in which the frequency is varied by injecting a beam of electrons 
into a region containing r-f fields. Electronic tuning (Chap. 15) provides 
only a small tuning range, but the rate of tuning can be very rapid. Tt 
is thus well suited to applications requiring frequency modulation. 

Stabilization of fretiuency is closely relative to the problem of tuning, 
and for this reason it is included in this part of the book. Both tuning 
and .stabilization are aspects of the problem of control of frequency and 
must be considered together because high stabilization and large tuning 
range are incompatible. The question of stabilization also arises in 
other chajiters. It appears in Chap. 0, “Interactions of the Electrons 
and the Electromagnetic Fields, “ because the fretpiency of oscillation is 
affected by space-charge conditions; it appears in Chap. 8, “Transient 
Behavior,” because stabilization affects mode changing; and it appears 
in Chap. 10 “Design ” because the de.sign of a magnetron is influenced 
by the degree of stabilization required. 




CHAPTER 14 


MECHANICAL TUNING 

By W. V. Smith 

14-1- General Considerations. —A meehanically tunable magnetron 
is one whose resonant frequency is changed by moving some element in 
the resonant circuit associated with the magnetron. In general, the 
motion must take place in vacuum, although in low-power magnetrons 
the moving parts may be in air, separated by a dielectric vacuum seal 
(usually glass) from the high-vacuum portion of the tube. A tuning 
method is classed as ‘'mechanical” whenever the frequency change is the 
result of a motion—whether the primary driving force is mechanical, 
thermal, magnetic, or any other. The term “electronic tuning” (Chap. 
15) is reserved for frequency changes resulting from the injection of elec¬ 
trons into the resonant system. 

From a consideration of circuits, two classes of tuning may be dis¬ 
tinguished: symmetrical and unsymmetrical. In symmetrical tuning, 
the circuit elements are changed in a manner that j)reserves the angular 
symmetry of the operating mode which, unless'otherwise specified, will 
be taken as the 7r-mode. In unsymmetrical tuning, this angular sym¬ 
metry is not preserved; as a rule, only one side resonator is tuned, gen¬ 
erally by means of a coupled circuit. The lack of symmetry results in 
alteration of the r-f mode patterns over the tuning range (Sec. 4-5) with 
consequent lowering of electronic efficiency at wavelengths removed 
from the unperturbed tube wavelength. Symmetrical tuning avoids 
this difficulty, often, however, by the loss of other advantages. 

The three main subdivisions of symmetrical tuning are inductive 
tuning, capacitive tuning, and tuning by a coupled circuit. In inductive 
tuning, the inductance of the resonant circuit is varied by changing the 
surface-to-volume ratio in a high-current region of the oscillator (see 
Element A in Fig. 14T). The unloaded Q is also changed—an important 
consideration at short wavelengths. In capacitive tuning, the capaci¬ 
tance of a gap is changed. Because this capacitance (see Element B in 
Fig. 14T) is connected across adjacent, oppositely charged vanes, the 
voltage across the gap remains constant whereas the breakdown voltage 
varies with the gap width. This consideration is important at high- 
voltage levels. Some conduction current flows in the capacitive regions 
of short-wavelength, tubes where only displacement current Would exist 
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at long wavelengths. This conduction current results in skin losses that 
will somewhat lower the unloaded Q of the tube because of the small 
surface-to-volume ratio of these capacitive regions. The principles of 
coupled-circuit tuning are more involved and will be discussed later. 

From the standpoint of operation, the extent of the tuning range is 
determined by mechanical limitations, by sparking across high-field 
regions in the tuner, by the falling off of efficiency, by mode-shifting, 
and, in special cases, by variation of some other of the many magnetron 

properties that can alter over the 
tuning range. Most of these prop¬ 
erties are independent of whether 
the tube operation is pulsed or c-w. 
Two properties, however, are not 
independent; in a pulsed tube a spark 
is extinguished between pulses, 
whereas in a c-w tube a spark, once 
initiated, is maintained. If the 
spark is an r-f spark (becoming an 
arc) in the tuning mechanism, it may 
persist without destroying the tube, 
but it will alter the tube wavelength, 
often drastically. The nature of the 
mode-shifting also differs between 
pulsed and c-w magnetrons. If the; 
tuning range of a pulsed tube is ex¬ 
tended to a point where mode-shift¬ 
ing occurs, the percentage of pulses 
tiring in the wrong mode increases, 
finally becoming intolerably high. 
When the tube operation is c-w, 
however, the tube may be tuned to this range and sometimes considerably 
beyond without jumping modes. If the tube is turned off and restarteil 
in this region, however, it will start in the wrong mode. Thus there is 
a ^'hysteresis'' effect present in c-w tunable tubes that is not present in 
pulsed tubes. 

One property of magnetrons that is common to all tunable tubes is the 
variation in the scale point (see Chap. 10) with a fixed operating point 
caused by the fact that the normalized parameters are functions of X. 
By using the scaling laws developed in Sec. 10-6, this variation may l)e 
evaluated for a magnetron operating at constant B and / but with vary¬ 
ing X. The physical dimensions of the cathode-anode region are assumed 
constant. If /i, Bi, and V\ are defined as the operating parameters 
at Xi) Bi/ffii, and Vi/Vi as the normalized parameters at Xi; and 



I'lii. 14-1.—Cross section of a hole- 
aiid-slot side resonator in a niagnetron 
tuned by the inductive elcincnt A and 
the capacitive element B. O i**^ fbc r-f 
magnetic field directed into the page; 
is the r-f electric field; and ^ — > — i.s the 
r-f current. 



Ski'. U-1| 


GKNEUAL CONSIDERATIONS 


563 


h, B 2 , Vz, I 2 /S 2 , and Vz/Vz a.'i the corresponding quantities at 

Xj; then, from the conditions that 


/i = I2 

and from the scaling laws 

/, 

b 

S 2 


(s)‘ 


and 


and 


B\ — Bi 


_ Xi 

B 2 x7 


( 1 ) 

( 2 ) 


aiul from Kq. (1032), Avhore it is shown that 



the value of {Vi/V[)/{ V 2 / V 2 ) may be ftmiid. Its waveieiip,th dependeiiee 
is eomplicated. For low-seale eiirrents and high-seale magiietie fields, 
however, V/V isS proportional to X. Henee, because 



(from Sec. lO-b), 

Vi _ \i 

T. Xi 

Because the qualifying conditions on Eq. (4) hold in the operating region 
of most tubes, it is necessary to vary the tube voltage approximately 
inversely with the wavelength in order to maintain constant current at a 
constant magnetic field. 

The above variations in scale point and voltage aauII result in a varia¬ 
tion in efficiency, in output power, and in the current at which the tube 
changes modes. In view of the wide range of scale points at Avhich tubes 
have been operated successfully, however (see Sec. 104)), these variations 
do not, in general, limit the tuning range. It is to be noted tliat the 
optimum loading of a magnetron also varies over the tuning range and 
that for tuning ranges with ratios of the extreme Avavelengths from 1 to 
1.5, a deliberate variation in the loading can partly compensate for the 
change in scale point.^ The loading is made lightest at the long-w^ave- 
length limit Avherc the high-scale currents approach the region w^here 
mode changes occur. 

^ An intentional variation of load over the tuning range has been incorporated 
in some General EleetriQ* desiRns of wide iunin^r range. 
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Attainable tuning ranges for multiresonator magnetrons vary widely 
^^ith resonant-system designs. The widest ranges (extreme-wavelength 
ratios of 1 to 1.5) have been obtained with symmetrical tuning on 
resonant systems having wide mode Separation and dimensions small 
compared with a wavelength. These resonant-system properties are con¬ 
sistent with c-w designs at the longer Avaveleiigths of from 20 to 50 cm or 
longer, that is, short, low-voltage (1 to 5 kv) resonant systems with a 
small number of side resonators (6 to 12). The difficulties of shorter 
wavelengths and higher voltages are reflected in the 10 per cent tuning 
range attainable at 3-cm radiation for a 12-kv resonant system with 12 
resonators (the 2.151 magnetron of Chap. 20). 

INDUCTIVE AND CAPACITIVE TUNING 

In practice, inductive- and capacitive-tuning methods are generally 
symmetric. A case of unsymmetric tuning of this type is mentioned 
in Sec. 14-5. 



Fig. 14-2.—The sprocket-tunable magnetron 2J61 developed at Columbia University 
and Bell Telephone Laboratories, (a) Pitch diameter of the pins; (b) the pitch diameter 
of the resonator holes. 
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14-2- Symmetric Inductive Tuning.—The name "sprocket tuning” 
has been applied to a form of symmetric inductive tuning illustrated by 
the 2J51 magnetron shown in Fig. 14-2. This tube was developed at the 
Columbia and Bell Telephone Laboratories; 
its resonant system is a symmetric, strapped, 

12-oscillator anode block of the hole-and- 
slot type. A round pin is inserted through 
the pole piece into each hole of the anode 
block; the pins are moved by means 
of a diaphragm or bellows. The effect of 
the pins is to decrease the inductance of 
each side resonator and hence to lower the 
resonant wavelength of the tube. The 
complete theory of the mode spectrum of this type of tube as a function 
of pin penetration, etc., is given in Sec. 4 (). The features of this theory 
that are useful for design purposes will be summarized biiefly. 



the pin-tD-holB rGgiDii of dub sidi* 
roaonator in a sprocket-tinuiblr* 
inagnBtrDii. 



I Mt inti.s. 

The wavelength separations of the conventional modes do not vary 
greatly over the tuning range, and the wavelength of the main mode is 
given by the following simple formulad 

^ P. Kusch and A. Nordsieck, “The Tuning Properties of Tunable Magnetrons 
ill the 3-cni Band,” NDllC 14-234, p. 2, Jan, 11, 1944. 
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I L 

j^ = a + b 




/nrff 


Kidi - d\) 


(5) 


The dimensions entering Eq. (5) are shown in Fig. 14-3; Xo is the wave¬ 
length at zero pin penetration; Xi is the wavelength at penetration hi 
(measured from the top of the anode block); is the anode length; dn 
the hole diameter; di the pin diameter; and a + h = 1. It is seen that 
for a = 0 and h = 1, Eq. (5) may be derived from the simplest lumped- 
constant analogy in which the inductance is assumed localized in the 
holes, proportional to the area, and inversely proportional to the length 
of the hole. The current flow in this lumped-constant picture is circum¬ 
ferential around the pins, as shown in Fig. 14T. Thus, because there is 
no longitudinal cuiTent flow, the nature of the contacts made by the pins 
with the pole piece is unimportant. 

For the 725 anode block, a = 0.4 and b = 0.() when 


0.6 <^ < 0.75. 
do 


Typical tuning data are shown in Fig. 14-4. The cheek with the semi- 
empirical Eq. (5) is seen to be excellent except in the fringing-field region 
of small pin penetrations. 


Table 141 .—Tube Dimensions* foii the St*rocket-ti;n.\ble Magnei'Hons or 

Fifj. 14-4 


ExpiTiiriPnt.Tl 

tube typo 

till 

di 

Pitch 
diiim. of 
resonator 
hoh\st 

Pitch 
rliain. til 
pinst 

Pin-to- 

slrap 

clearance 

Pin-to- 

back-wall 

clearanci* 

1 

0.082 

0.0515 

0.3!M 

0.4040 

0.015 

0.010 

2 

0.085 

0.05!)0 

0.405 

0.4135 

O.OH) 

0.00!) 


* DiiiienwiDiis aio in 

t See Fig. 14-2. Tlie pitch diameter is tlefinerl hh thi! iliameUu' of the locus of hole ro | io 

centfirs. 


The problems of mechanical design with 0.010- to 0.015-in. clearance s 
between the pins and the oscillator Avails have not proved to be serious; 
the limitations on tuning range have been set by other considerations. 
The most troublesome problem is the elimination of extra resonances 
introduced by the tuning mechanism. Typical of these resonances is 
that in which the lumped capacitance between the pin and the hole wall 
of Fig. 14-3 resonates with the lumped inductance of the end cavity. In 
this mode, current circulates up the back w all, through the lid, and down 
the pins. The effect of these extra resonances is both to distort thi* 
tuning curve and to introduce loss. The loss is most pronounced when 
the r-f contacits generally present in the current path are poor; but loss 
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may also be troublesome even if the contacts are good, because excessive 
currents may flow near resonance. These extra resonances are most 
troublesome for long anodes and large end spaces (that is, wherever 
dimensions become large compared with a wavelength). They are most 
easily removed by reducing the size of the end space. 

There is a fundamental limit to the use of tuning of this type in the 
shorter wavelengths because the unloaded Q decreases Avith X and sprocket 
tuning further decreases Qu- A rough estimate of the magnitude of this 
efiTect may be made by assuming that all the circulating current in the 
resonator is located in the region of the holes, yielding the approximate 
formula^ 


5 2 I DfT ^ 2 VaBI + 


( 6 ) 


where B = magnetic flux density, 

j dr = integral over volume of resonator, 

j da = integral over surface area of resonator, 
Sa — /ti7r(do + di), 

= (h„ - h,)ird„ + 

= hr^idl - di), 

Vj< = (h„ - /! ,) ^ dl 
5 = skin depth, proportional to VX, 

and 

B A _ dp 

Wn ~ dS - df 


Equation ((j) yields the unloaded Q of the resonator proper, lliis 
must be combined with the strap unloaded Q, that is, Q*, as follows: 


1=1 ^ H 

Qu Qr ylcr 2a Ct 


( 11 . 10 ) 


where Cr = resonator capacitance, 
C„ = strap capacitance, 

Cr = Cr + Cs- 


^ K. L'. Ormdon, R^v. Mod. Phys.j 14, 364 (1942). The factor of 2 given in Kq. (6) 
comes rrijiii the approximate uniformity of B over the cross section. 
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Using the values of Qb, Cr, and C* listed in Table 11.2 for the 725 anode 
block, the theoretical curve of Fig. 14-5 is obtained for the constants 
there listed. The theoretical and observed unloaded Q values are in fair 
agreement except for the region of greatest pin penetration, where the 
particularly low observed Qu ( = 144) is believed to be caused by a pin¬ 
to-end-space resonance. 

It is desirable to maintain an external Q of about 400 with the 2J51 


magnetron because low circuit efficiencies (less than 50 per cent) result 


1600 
1400 
1200 
1000 
BOO ^ 


.600 
400 

200 
0 

0 0.02 0.04 0.06 0.08 0.10 

Pin penetration hj in inches 

Fig. 14-5.—Colcl-rPHominnc data for 
the sprocket-tunahl e iriafjiietroii. = 
0.250 in.; dn = 0.080 in.; d, = 0.0023 in.; 
fi/X =2.1 X 10“® for lopper at 3.2 cm; 
Qn was computed from lifi. (1110). 



in those regions of the tuning curve 
where the unloaded Q is less than 
400. 

Typical performance data on 
the 2J51 magnetron are shown in 
Fig. 14-6 and in Sec. 20.12. The 
pulling-figure variations shown in 
Fig. 14-6 indicate both the necessity 
for and the difficulty of adequately 
broad-banding the output circuit 
(Secs. 11 11 to 11T3). The aver¬ 
age effiiaency of 32 per cent at 14 
amp and 15 kv may be compared 
with 35 to 40 per cent for the non- 
tunable version. The sacrifice in 
efficiency is to be ascribed primarily 
to the low unloaded Q of the 
tunable tubes. 

Sprocket tuning has been tried 
on other magnetrons. An 18-vanc 


1.25-cm rising-sun magnetron (the 3J31 discussed in Sec. 20T7) has been 
tuned 3 per cent by inserting relatively small pins in the large oscillators 
only, thus maintaining a fairly high unloaded Q and resonable ease of 


construction. 

In applying sprocket tuning to rising-sun magnetrons, it should be 
noted that tuning only the large side resonators results in a change of the 
ratio of resonant wavelengths of the large to the small resonators and 
therefore a change in the mode spectrum and in the amount of zero-mode 
contamination of the main mode (Sec. 3-4). Because satisfactory 
operation of rising-sun tubes depends in part on the proper choice of 
resonator-to-wavelength ratio, it may be desirable to tune all resonators 
BO that this ratio is maintained constant. This illustration of zero-mode 
variation is essentially a change in the r-f pattern resulting from imperfect 
symmetry in the tuning method. 
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Fiii. 14-6.-- Typif.al vK'rforinanne data of typo 2J51 iUMKnetroii. The operating 
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Fm. 14-7.—Cross section of the QK59, a cookie-cutter-tunable magnetron. 
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14-3. Symmetric Capacitive Tuning. The Cookie Cutter.—The term 
"cookie cutter" is applied to the capacitative method of tuning illus¬ 
trated by the QK59 magnetron in Fig. 14-7. In this method a 
metal cylinder is inserted between the tAVo rings of a double-ring-strapped 
magnetron, so that the strap capacitance and hence the wavelength are 
increased. Since the general theory of cookie-cutter tuning has been 
presented in Sec. 4-6, only the salient features will be repeated here. The 
main-mode wavelength may be calculated by assuming that the increasetl 
strap capacitance is in parallel with the tube capacitance. The mode 
separation from the next lower longitudinally symmetric mode increast's 
as the main-mode wavelength is increased, whereas the longitudinally 
antisymmetric 7r-mode approaches the 7r-mode most closely at that point 
in the tuning range where the capacitances at each end are equal. For 
long, heavily strapped tubes this mode may cause some difficulty, but the 
main difficulties are Avith end-space resonances as in the sprocket-tunable 
magnetron; that is, a resonant circuit exists that is composed of the 
tuner-to-strap capacitance and the end-space inductance. It is usually 
pf)ssiblc to displace the resonance from the desired tuning region by 
varying the end-space geometry. 

The anode block for the cookie-cuttcr-tunable magnetron (QK59) is 
described in Sec. 20-3. The unstrapped capacitance of the QK59 is 
taken as NCr = ^ (see Chap. 11). The strapping consists of a 
cylindrical condenser 0.100 in. high, Avith 0.348 in. ID and 0.588 in. OD. 
Ignoring fringing fields, its capacitance is Ca = 0.3 /x/xf. The strap-to- 
vane capacitance may be estimated as approximately 0.55 /x^f. 

When the plunger is inserted between the straps, the sum of the gaps 
betAA'een straps is 0.020 in. instead of 0.120 in. and the interstrap capacity 
is multiplied six times. When the total capacitance Ci of the untuned 
tube is compared with that (C 2 ) for the tuned tube, and when the fact that 
only one of the two strap cylinders is tuned is takiui into consideration, 

(2 

and 

h 

X2 

Because the added capacity is linear AAuth plunger penetration, the change 
in Avavelength is also linear for a small tuning range. The effects of the 
fringing fields will be to extend the tuning someAvhat beyond the 0.100-in. 
tuner motion. They should also increase the over-all tuning, but, to a 
first approximation, this correction is canceled by the fact that the straps 
are not connected to the highest-voltage points of the vanes (the tips) but 
are of necessity located some distance back along the vanes. The 


C) -h 0.85 -h 0.85 


(i + 0.85 + 0.55 + 6 X 0.30 


9.2 


(7) 


^ = 0.915. 
b 1 
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observed tuning curve is plotted in Fig. 14-8. In view of the approxi¬ 


mations made in the computations, 
the computed tuning range given 
by Eq. (7) and the experimental 
data is reasonable. 

Operating data for a slightly 
modified version of Fig. 14-8, in 
which clearances are reduced to 
about 0.007 in. and the strapping 
is removed from the untuned end 
of the tube, are shown in Fig. 
14-9. Theoretical unloaded-Q 
values for the extremes of the tun¬ 
ing range are 2370 and 866. The 
agreement with observations is 
good only at the long wavelength 
(uid of the tuning curve. 

In comparing cookie-cutter 
tuning with sprocket tuning, it 
may be noted that because cookie- 


the 30 per cent discrepa*ncy between 



Displacement of tuning plunger in inches 

Fig. 14-8.—Tuning I’liaracteristina of thu 
p,ookiB-cut;ttir-tiiiitil)lB iiiaj^iietron. At A the 
pluiigBr Is flush with the bottniTi nf the straps; 
at B it is flush with the top of the straps. 


cutter tuning requires smaller clearances and smaller motions at a given 


wavelength, it is more appropriate for the longer wavelengths. The 



0 0.02 0.04 0.06 O.OB 0.10 

Displacement of tuning plunger In inches 

Fig. 14 0 . —Data for cookie-putter-tunable magnetron operating at 126-ma plate current. 

The pulling figure is 6 Mc/sei;. 

high voltage appearing across the tuner-to-strap gap restricts the applica¬ 
tion of cookie-cutter tuning to relatively low-voltage tubes, particularly 


Wavelength in cm 
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at the shorter wavelengths where small clearances increase the possibility 
of voltage bfeakdown. 

14-4. Other Symmetric Inductive and Capacitive Methods of Tuning. 

The preceding examples of sprocket and cookie-cutter tuning illustrate 
the general limitations involved in inductive and capacitive tuning, 
namely, the high voltages appearing across the tuning element and the 
consequent danger of voltage breakdown for capacitive tuning, and varia¬ 
tion in the unloaded Q for both capacitive and inductive tuning. Other 
examples of these types of tuning will be briefly discmssed to illustrate 
the kinds of modification that may be required by specific tube problems. 

For some purposes, particularly at the longer wavelengths, the 
motion required in sprocket tuning may be excessive. Examination of 
Eqs. (5) and (6) shows that this motion, corresponding to the plunger 
penetration hi, can be decreased for the same percentage tuning by 
increasing di (at the expense, however, of a decrease in unloaded Q). 
Because the increase in X5 makes the unloaded-Q problem less serious at 
the longer wavelengths, a relative shortening of hi becomes feasible. 
The pins, instead of penetrating the pole piece as in Fig. 14*2, may be 
suspended above the resonator holes from an annular metallic ring 
(dotted lines R in Fig. 14-3) which moves with the pins. Then provided 
the clearance i between the ring and the top of the vanes is large com¬ 
pared with that between the pin and the hole wall, there is no change in 
the tuning curves because the current flow in the pins is circumferential 
(Fig. 14T). When t is small, howT^ver, radial currents are induced in the 
ring by the magnetic field in the end spaces, and the ring contributes to 
the tuning. All degrees of compromise between complete sprocket 
tuning and pure ring tuning (/?i = 0) are possible. Motions are smallest 
in pure ring tuning because in the 7r-mode the magnetic flux is strongly 
concentrated very near the vane tops, and consequently the ring is 
effective only when i is small. As t is decreased, the mode separation is 
increased because the magnetic flux for the Iowtt modes fringes farther 
out into the end spaces and is more effectively tuned by the ring. 

Similar gradual variations in capacitive tuning methods are possible 
starting from the cookie-cutter tuner. Instead of varying the strap 
capacitance, the tube capacitance may be varied in the manner show n 
in Fig. 14T, and any combination of tube and strap capacitances can be 
varied. Because increasing the tube capacitance decreases the ratio 
of the strap capacitance to the tube capacitance, the mode separation of 
the untuned resonant system is decreased by this method of tuning, and 
the modes may even cross each other (Sec. 4-6). Although this decrease 
in mode separation is an objection to varying the tube capacitance, it is 
sometimes possible to incorporate larger clearances in a design by varying 
tube capacitance rather than strap capacitance and hence to obtain 
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higher r-f voltages without breakdown. The capacitive-tuning element 
operating between the vanes (Fig. 14-1) can be supported from an 
annular ring similar to the modification of sprocket tuning previously 
mentioned. Also, this ring alone can be used for capacitive tuning over 
the vane tops, just as a ring alone over the resonator holes can be used 



FiLi. 1410.—Cutaway view of the ZP639. This tube is tuned by the inductive tuiiiiiju: 
ring L with inserts P and by the capacitive tuning ring C with scgmeiits S. {Courtesy of 
Generid Electric Co.) 


for inductive tuning. One of the most difficult engineering problems of 
this tuning method, as of sprocket tuning and cookie-cutter tuning, is the 
elimination of extra end-space resonances. 

The widest tuning range attained on a multioscillator magnetron has 
been obtained by an ingenious design incorporating in a single tube 
several of the tuning methods mentioned above. This type of tuning 
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is illustrated in Fig. 14-10, which shows a portion of the 12-oscillator 
ZP639. A capacitive ring C with tuning segments S is connected by 
pins extending through the oscillator cavities to an inductive ring L 



10 11 12 13 14 15 16 17 IB 

Wavelength Xin cm 

Fig. 14-11.—Tuning curve of iiiductive-capacitive-tunablB magnetron ZP(j39. The input 
power is 1.0 kw at 5.0 kv. {Courtesy of General Electric Co.) 

that supports a set of inductive tuning inserts P. Vertical motion of 
this two-ring combination simultaneously increases or decreases both 
inductance and capacitance together. Operating data for this tube are 
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shown in Fig. 1411. For an input power of 1 kw at 0.200 amp, the 
efficieney remains above 50 per cent over a range of 1 to 1.5 in resonant 
wavelength. 

In two examples that were given of inductive and capacitive tuning— 
the sprocket-tunable and the cookie-cutter-tunable magnetrons—there 
is very little tendency for the normal tube modes to cross each other, 
even over an extended tuning range and even if the initial mode separation 
is small. Nevertheless it seems significant that the widest tuning range 
(about 50 per cent) was observed on a tube with wide mode separation 
(40 per cent), that this tube had its anode length and radius small com¬ 
pared with a Avavelength, and that the wavelength in question was long 
(15 cm). It is therefore important to summarize the factors independent 
of the r-f output power and other than normal mode crossing that limit 
the tuning range. These are 

1. Extra resonances, associated with the end space or the tuning ele¬ 
ment or both. These resonances are favored by having tube 
dimensions large compared with a wavelength, a condition that 
also produces small normal mode separation. 

2. Mode selection. Considerations of Chap. 8 show that it is difficult 
to (establish general rules indicating what mode spectrum is most 
favorable to Tr-mode operation; in specific cases, hoAvever, varia¬ 
tions in the mode spectrum over the tuning range may cause 
unfavorable mode selections. 

3. Unloaded Q. This is a function of wavelength and tuning range, 
not of mode separation. In general, Qu decreases as the wave¬ 
length is decreased and as the tuning range is increased. For a 
iO per cent tuning range at 3 cm, becomes about 500, a barely 
acceptable figure. 

It is empirically observed that the operating tuning range seldom 
exceeds the mode separation of the original untuned anode. 

14-6- Unsymmetric Inductive Tuning.—For the purpose of fixing a 
magnetron frequency wdthin the normal scatter band of untuned magne¬ 
trons it is sometimes desirable to incorporate in the tube a small and 
simple tuning element capable of a restricted tuning range of about 1 per 
cent. Such a device usually is limited to tuning one resonator, for 
example, by means of a screw inserted in the side of the resonator hole. 
For mode separations greater than 5 per cent, deterioration of the r-f 
pattern from this unsymmetrical tuning is negligible (Sec. 4-5). The 
problem therefore is purely an engineering one of obtaining an adequately 
compact diaphragm and control mechanism, of eliminating extra reso¬ 
nances in the vacuum envelope associated with the diaphragm and 
tuning screw, and of maintaining adequate clearance between the screw 
and the oscillator walls to keep the unloaded Q high. 
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COUPLED-CIRCUIT TUNING 

In Coupled-circuit tuning, the coupling is usually introduced through 
one resonator and therefore produces asymmetrical r-f patterns. 

14-6. General Theory. —Tuning methods based on varying the 
magnetron frequency indirectly by a second resonant circuit coupled to 
the magnetron are free from some of the geometrical limitations imposed 
by anode-block dimensions. Furthermore, these coupled-circuit-tunable 
magnetrons can often, but not always, be made with higher unloaded Q's 
than the inductive and capacitive tunable magnetrons discussed in 
Secs. 14-2 and 14-3. In some cases the mechanical motion of the tuning 
element may take place outside the vacuum envelope, but to date such 
magnetrons have generally proved less satisfactory than inductive or 
capacitive tunable magnetrons. 

There arc two general properties of coupled-circuit-tunable magne¬ 
trons. (1) The added resonant circuits increase the stabilization of the 
magnetron by storing r-f energy; (2) they introduce new modes to the 
spectrum. The added modes are often harmless, but they are never an 
advantage, and the increased stabilization usually increases the tendency 
of the magnetron to operate in undcsired modes. When this tendency 
can be overcome, however, the added stabilization represents an advan¬ 
tage, as shown in Chap. 10. Most couplcd-circuit-tunable magne¬ 
trons are unsymmetric; hence distortion of the r-f pattern occurs over 
the tuning range. The resulting decrease in electronic efficiency and the 
increased tendency to shift modes at wavelengths removed from the 
untuned resonant frequency (Chap. 8) generally limit the useful tuning 
range of a coupled-circuit-tunable tube to from one-third to one-half of the 
mode separation of the untuned tube. As a corollary of this pattern dis¬ 
tortion, the coupling to the output circuit, hence the external Q, may 
change over the tuning range. This effect is distinct from the variation 
in external Q caused by change in stabilization over the tuning range, 
although it is not distinguishable by Q-measurements alone. 

14-7. Double-output Tuning. —The term "double-output” tuning is 
applied to the coupled-circuit type of tuning illustrated in Fig. 14T2. 
A magnetron is provided with two output terminals; the first is actually 
used as a poWer-output terminal, while the second is used to couple into 
the resonant system a reactance that changes the resonant frequency of 
the magnetron. The variable reactance is provided by a short-circuited 
transmission line of variable length L These circuits may be described 
with the aid of the equivalent circuits shown in Fig. 14T3. In these 
circuits 

L = the resonant-system inductance, 

C = the resonant-system capacitance, 
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G = \/(C7I)/Qui, where Q„i = the unloaded Q of the resonant 

system, 

I = the distance to the short-circuiting plunger, 

Y 2 = the characteristic admittance of the coaxial line of the tuner, 
G 2 /Y 2 = the VSWR in the tuner line, 

= the characteristic admittance of the coaxial line of the power 
output as seen across the slots (that is, transformed through 
the power-output coupling). 



The part of the equivalent circuit shown in Fig. 14T3a for the coupled 
reactance corresponds to the low external Q pin-to-strap type of coupling 
discussed in Sec. 5-2. It will be proved later that this low Q (here, Q^a) is 
a prerequisite for a wide mode-free tuning range; for example, Qe 2 — 10 
corresponds to a 10 per cent tuning range. In the circuit of Fig. 14-13a 
the magnetron is connected directly across the tuner line at Terminals 2, 
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and the email junction effects are neglected. The power-output circuit 
is represented l)y the admittance Yi = y/ {C/L)/Qel at Terminals 1, 
where Qei is the external Q of the power-output circuit (with the tuning 
reactance removed). The frequency pulling the power-output circuit 
is assumed negligible compared with the tuning introduced by the short- 
circuited tuner line. 

It may be deduced from the analysis of Chap. 5 that a low external 
Q is possible, without the introduction of extra resonant elements into 
the circuit, only for coaxial-line outputs. Consequently, the analysis 
of Fig. 14T3a is here restricted to a tuner consisting of a coaxial stub. 

Although it is possible to devise double-output-tuning methods 
incorporating an evacuated tuning line, the primary purpose of the 
method of tuning shown in Fig. 14T2 is to allow" the mechanical motion 
to take place outside the vacuum envelope. This type of tuning is thus 
applicable only to magnetrons with low^ pulse-power o\itputs because* 



(a) (6) 

Fig. 1413.—Fiiiiiivaleiit cirnuit.s fur dnublp-rnitput liiniiiK. 


breakdown w ould be encountered in the tuner line or across the tuner 
vacuum seal at high pulse powders. The nature of the tuner vacuum 
seal also limits the average output powder of the magnetron because the 
high r-f fields that generally exist in the glass for at least a portion of tht^ 
tuning range may heat the glass to its melting point. Coaxial-line 
tuners, having center diameters of | in. and inside diameters of their 
outer conductors equal to in., have been attached to double-output 
magnetrons. These tubes, with seals of No. 704 glass, have been tested 
at pulse powers up to 10 kw and average powers up to 200 watts. A final 
limitation on this method of tuning is the circuit efficiency, which may be 
appreciably lowered from that of an untuned tube even if the plunger 
in the tuning line sets up a standing-wave ratio of 40 db or more. 

As a result of these limitations, double-output tuning has not proved 
to be very successful. However, the low-Q coupling devices developed 
for this type of tuning have been useful as means of coupling elec¬ 
tronically controlled reactances into a magnetron and thus are an impor¬ 
tant part of some of the methods of frequency modulation discussed in 
Chap. 15. For this reason and also to illustrate the type of analysis 
that may be useful in other related problems, the various circuit properties 
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of double-output tuning will be derived from the equivalent circuits 
(Fig. 14-13) and compared with experiments. 

The parameters to be evaluated in terms of this circuit are the tuning 
curves, the variation of stabilization, the circuit efficiency, and the total 
resistive loading over the tuning range for different values of the variables 
in Fig. 1413fi. The large mode separation in the untuned tube (the 
QK44, see Table 1T3) minimizes pattern distortion, which is therefore 
neglected in the computations. 

By evaluating the admittance seen looking to the right at Terminals 
2 of Fig. 14-13a, the simpler equivalent circuit Fig. 14-136 is justified 
for {G 2 IY 1 , tan 27r//X)^ ^ 1 (for a perfect short circuit, G 2 = °° )- In this 
figure 


¥2 , 2irl 


( 8 ) 


Letting Bi be the admittance seen looking to the right at Terminals 1 
of Fig. 14-136 and defining Qe 2 = {y/iC/D/Y^, the tuning curve is 
given by 


I = — COt“^ Qe2 
Ztt 



(9) 


where Xo is the resonant wavelength of the anode block. The stabilization 
is then given by 


S 


dBi 

dii} 

dBi 


= 1 + 


wl 1 „ 2Trl 

X„ 0^ V 


( 10 ) 


J Terminal 8 2 
nppn-circuiknrl 


If the magnetron, tuned to some wavelength X, is force-oscillated through 
the power output, it will yield a Q-curve similar to that for a nontunable 
magnetron, and the resulting parameters (unloaded Q = Qu and external 
Q = Qe) have the usual relation to the operating behavior of the mag¬ 
netron. These quantities are given by the relations 


L = A A r__L _L J_ 

Qrr S Xo Qe2 

Qe = S ^ Qeij 



( 11 ) 


whence the circuit efficiency rje is 


- 

~ Qe 

JL = i_ 

Ql Qu 



and 


( 12 ) 
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The total resistive loading Gtdt appearing across Terminals 1 or 2 may 
be expressed as 


Gtdt 



Qul Qe2 




(13) 


The r-f voltage in the tuner is also readily derivable. When the value 
V 2 at Terminals 2 is evaluated, the entire pattern in the tuner is easily 
deduced. 


^ 27rv (energy stored) 



VIY2QE2 

2Po ' 



where Po = output power. 

As a check on the validity of these derivations, a comparison of the 
theoretical Eqs. (9), (11), and (12) with experimental data is shown in 
Figs. 14T4 and 14T5. The experimental tube used in these measure¬ 
ments was a variant of the CM16B described in Sec. 20-3. 

These two figures contain the calculated curves of X, Qe, Quj and rjcj 
which are fitted to correspond to the observed points by theoretical 
calculations based on the above equations and the five arbitrary con¬ 
stants Qe 2 j Qeij Qul, Cr 2 /F 2 , and the branch in of the tuning curve, that 
is, the number of voltage nodes in the tuner line, counting the plunger 
position as one node. Thus the trial values Qe 2 = 30 and m = 4 give 
good agreement with the data of Fig. 14T4, and the additional trial values 
of Qul = 950, Qei = 110, and G 2 /Y 2 = 42 db give good agreement with 
the data of Fig. 14T5. Independent measurements determine three of 
these constants as Qui = 1200, ± 30 per cent, G 2 /Y 2 = 40 to 45 db, 
and m = 3, in good agreement with the trial values except for the value 
of m. It is reasonable, however, to expect the best fit of Eq. (9) to 
occur for a larger value of m (for example, 4) than that given by the 
physical length of the lead (namely, m = 3) because the frequency 
sensitivity of the lead (the taper, the glass seal, and the series inductance 
in the outer conductor) is equivalent to an extra length added to the 
tuner line. 

The most noticeable'feature of the curves in Fig. 14*14 is the multiple¬ 
valued dependence of wavelength on tuner position. Thus, for a 70-mm 
plunger position, two resonant wavelengths, 9.7 and 10.48 cm, are possible 
because of the multiple-valued properties of the cotangent in Eq. (9). 
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10 20 30 40 50 60 70 BO 

Plunger position in mm (Arbitrary reference point) 


Fig. 14-14.—Observcjd and theoretical tuning curves for dDuble-output tuning. The 
theDi'ctical curves from Eq. (9) (with Qe^ = -Kb are fitted in i)r)siti[)ii and slope to the 
experimental curve at Xo = 9.9 cm. (a), (b), and (c) represent different branedies of 
the tuning curve. * 



Fig. 1415.—Theoretical curves and experimental points of Qe, Qu, and i]e for double- 
output tuning. The Qe curve was calculated with m = 4, Qet. = 30, and Qei = 110. 
The Qu curve was calculated for m = 4, Q £2 = 30, G 2 /F 2 = 126 (42 db), and Qui = 950. 
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The separation in wavelength of the tuning branches a, b, and c is also 
seen from Eq. (9) to be greatest for low Qez and for low m. 

The important feature of the curves in Fig. 14-15 is the frequency 
sensitivity of rjc and Qe (which is proportional to the stabilization *S). 
Consideration of Eqs. (10) to (12) shows that the frequency sensitivity of 
rje is diminished by low Qe 2 and that of Qe is diminished by low Qei 
and by small m (that is, short 1). A loAver limit, however, is placed on 
Qe 2 at the center of the tuning range by the circuit efficiency, which 
varies inversely to Qb 2 , and by stabilization, which varies directly with 
Qe 2 - Chapter 8 shows that both rjc and S decrease the current at which 
operation in the 7r-mode is stable by their effect on \^C/Ltdt (here, 
S \/ C/L) and G (here, G tot)* Furthermore, for Qe 2 ^ 10, the equivalent 
circuit (Fig. 14-13a) breaks down because the frequency sensitivity of 
the lead becomes appreciable. Even in the example chosen, for Qki = 30, 
this frequency sensitivity required an increase in the effective branch 
of the tuning curve. Less frequency-sensitive leads than the one used 
for the data in Figs. 14-14 and 14-15 are available, leads furthermore 
that are physically shorter and allow operation on the (m = 2)-branch 
of the tuning curve. Such a tuner lead is illustrated in Fig. 14-12. 
Although the performance of this type of tunable magnetron has been 

poor, tuning ranges of 10 to 20 per 
cent have been obtained at c-w 
output powers of 30 to 60 watts 
with an input power of 150 watts. 

14-B. Symmetric Double-out- 
put Tuning.—A method^ of cou¬ 
pling a coaxial line to a magnetron 
so that the main-mode symmetry 
is preserved is illustrated in Fig. 
1416. The resulting tuning 
curves are shown in Fig. 14-17, 
where the position of the tuning- 
plunger is plotted as abscissa and 
the wavelength as ordinate. For 
the main mode, the equivalent 
circuits of Fig. 14-13 are applica¬ 
ble. The validity of these circuits 
is shown by the fair agreement between the magnetron characteristic 
impedance computed by Slater from the observed tuning curves (7.25 
ohms) and that computed by James from the tube dimensions (10 ohms).” 

* J. B. Fisk and P. L. Hartman, "The Development of Tunable Magnetrons," 
BTL-141, June 26, 1942. 

* Both Slater^a and James' computations can be found in J. C. Slater, "Input 
Impedance and Tuning of Magnetron Cavities,” RL Report No. 43-18, Feb. 3, 1943. 



r'lG. 14-10.—ScliBmatic drawiniji; of syinniptric 
doublB-DUtput-tunable magnetron. 
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The resulting close coupling of the 
large slope of the tuning curves at 
wavelength of 10 cm. By con¬ 
trast, the extremely small slope of 
the tuning curves at the lower 
modes shows that these are very 
loosely coupled to the line, as is to 
be expected from the symmetry of 
the coupling method. This small 
slope of the lower modes results in 
wider mode separation than would 
be found in an unsymmetric 
method of coupling. The com¬ 
bination of relatively wide mode 
separation and lack of pattern 
distortion thus favors the possi¬ 
bility of a wide tuning range if 
one starts with an anode of ini¬ 
tially small mode separation. Be¬ 
cause this tuning method was tried 
before the techniques of testing 
magnetrons were well developed, 
it is not possible to judge from the 
available data whether or not the 


magnetron to the line is shown by the 
the unperturbed main-mode resonant 



Plunger position d in cm 


Kic5. 14-17.—Tuning niirvRS fnr symniplric 
double-output nuignetron. The asymptotes 
for the dilTnrpnt branching of the tuning 
nurves are shown by dashed lines. 


anticipated advantages in symmetric tuning are actually realizable. 

14-9- Cavity Tuning. Iris-cou'pled Tuning .—Figure 14T8 illustrates 
a method of coupling a magnetron (I) by means of an iris (II) to a cavity 
(III). The resonant frequency of the combined system—I, II, and 
III—is changed when the frequency of the cavity is changed by some 
mechanical motion. All three elements are frequency-sensitive and 
may be represented by simple series- or parallel-resonant circuits that 
are resonant at or near the resonant wavelength Xo of the untuned anode 
block. It will be shown that the net result of these three resonant 


circuits is to introduce two new modes into the mode spectrum of the 
magnetron, one above and one below Xo- The stabilization of all three 
modes is a function of the circuit parameters and varies over the tuning 
range. As a result, careful analysis is necessary to determine in ivhich 
mode the magnetron will operate. Successful application of this analy¬ 
sis, however, leads to a design capable to a 5 to 10 per cent tuning range 
and capable of withstanding the highest r-f voltages generated in high- 
power magnetrons. This design simultaneously increases the unloaded 
Q of the magnetron as a result of the energy stored in the cavity, although 
the total skin losses-are also increased. If the external Q is adjusted to 
be equal to that of the nontunable version of the magnetron (no cavity), 
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a gain in circuit efficiency results in the tunable tube. The attendant 
disadvantages are characteristic of unsymmetric tuning variation over 



Fib. 14-18.—Iri.4-non pled cavity-tunable magnetron type 4J75. 


the tuning range in the r-f patterns and in the electronic efficiency. Of 



designs giving equal mode separa¬ 
tions, consideration of unloaded Q and 
methods of construction favor use of 
the cavity tuning illustrated by Fig. 
14-18 for the shorter wavelengths. 

Figure 14-19 shows the equivalent 


Fid. 14-19.—Equivalent circuit for 


iris-coupled cavity-tunablo n^agnetron 
type 4J75. Zn = V{Ln/Cn). 


circuit of the 4J75 magnetron shown in 
Fig. 14-18. The magnetron I, opened 
at the back of one of the oscillators, 


is represented as a series-resonant circuit LiCi. The resonant-iris 


coupling device II is represented as a parallel-resonant circuit L 2 C 2 , 
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and the cavity III as a series-resonant circuit LaCa because it, like the 
magnetron, is opened at a high-current point. 


If the mode separation in the 
untuned tube is large compared with 
that of the two extra modes intro¬ 
duced by the cavity and coupling, 
these extra inodes may be considered 
as multiplets of the 7r-mode (see Fig. 
14-20). Empirical observations and 
qualitative analysis of more com¬ 
plicated circuits show that when this 
condition does not hold, there is 
only a minor effect on the central 
TT-m ode and the long-wavelength 
TT-mode but the short-wavelength 
TT-mode cannot cross the next normal¬ 
mode wavelength. Solution of Kirch- 
hoff’s laws for the three networks of 
Fig. 14-19 is straightforward when 



Km. 14-20.—TuninE purves of 4J75 
magnetron. 


Ui — C1J2 — tOg — tiJO- 


(15) 


Denoting 27r times the resonant fretiuency of the combined system as 
tj and letting 


U) 

a = — 

CiJn 

and 

1 

y = a -; 

a 


(16) 


Kirchhofif^s laws for the two networks (I + II and II -|- ITT) are, for 
the condition of Eq. (15), 
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l^he RTiergy storagp in the three eircuits nan be rompiiterl from 
2uEi = 1\Z, 

2u,Eu = (Ti - Ly (a + i), 


(19) 


iiirl 


2co£„l = 7]Zs 


The stabilization for the three modes of Eq. (18) ean be computed 
from Eq. (19) and from the additional relation 


^2 . 2 

r, “ z.''’ 


( 20 ) 


fiom JOtp (17). The result is that 



Equation (18) shows that the separation betAveen the unx^erturljed 
or [(t = 0), (ci:^ = l)]-mode and the extraneous modes introduced by 
the coupled circuits is greatest when Z 2 is greatest. Thus, it is desirable 
to make the iris of high characteristic impedance; that is, the inductive 
areas of the iris should be as large as possible. 

Equation (22) shows that when the stabilization of the unperturbed 
TT-mode exceeds 3, the extra 7r-modes are less highly stabilized than the 
central mode. The analysis of mode selection in Chap. 8 and the 
analysis of stabilization in Chap. 10 show that for competition among 
several 7r-modcs, the tube will usually oscillate^in the mode of lowest 
stabilization unless special precautions are taken to ensure operation in 
the high-stabilization mode. Because these precautions increase the 
complexity of design and decrease the output power, cavity-tunable 
magnetrons are designed AVith lower stabilization of the desired operating 
mode than of the undesired modes unless high stabilization is also 
required in the design. The attainable tuning for high stabilizations 
will be discussed in Chap. 16. 
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Several considerations combine to favor the selection of the central 
mode as the operating mode. If this mode is stabilized less than 3, 
both competing modes will be stabilized greater than 3 and the magnetron 
will run in the central mode. Furthermore, the distortion of the r-f 
pattern is least in this mode. Finally, an analysis for wg 9 ^ wo shows that 
the tuning range for a given change in wg is largest for the central mode. 
Criteria for satisfactory cavity-tunable design, therefore, are that the 
operating mode be the center mode and that its stabilization be kept less 
than 3. For design purposes, it is satisfactory to assume that S = 1.7 
is an optimum value. 

The rate of tuning near wg = uju is obtained from a modification of 
Eq. (10), which becomes 


Ail) _ ^ — 1 
Aojg iS 


(23) 


Yox S = 2, Ab)/A(i):i = whereas the maximum possible value is 1 
when *5 = ^ - 



Wavelength X in cm 

Fia. 14-21.—Operating data, nf typical 4J75 magnetron. Magnetic field = 2700 
gauaa; pulse plate current = 7S.5 amp; pulac plate voltage = 28.1 to 29.1 kv; heater 
voltage = 8 volts. 

Although it is possible to estimate Zi, Z2, and Zg from the magnetron 
dimensions, it is more useful to regard the ratios of the impedances 
Zi, Z2, and Zg as determined by appropriate measurements of tuning 
curves and stabilizations. A qualitative analysis of the variation of 
the impedances with physical dimensions then suggests appropriate 
changes to obtain mpre desirable tuning curves and stabilizations. 
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Figure 14-20 shows the observed mode spectrum for the Westinghouse 
cavity-tuned 4J75 magnetron. It is seen that the wavelength of the 
short-wavelength 7r-mode is as low as possible, because it cannot be lower 
than the (n = 5)-mode. Over the tuning range shown, the unloaded 
Q of the tunable magnetron is 2000, compared with 1500 for the untuned 
tube. 

Operating data^ for the 4J75 tube are shown in Fig. 14-21 where it 
is seen that the efficiency variation is small over the tuning range where 
no mode changes occur. 

Brief mention should be made of the fact that because the diaphragm 
is part of the resonant circuit of the 4J75 tube and because it is stretched 



Fiq. 14-22.—Schematic rlniwing of the roaxial-line-eoupled oavity-iunabls magnetron. 


L, L3 



Fig. 14-23.— Equivalent circuit of coaxial-liiie-coupled cavity-tunable iiiagnetrnii. 

F„ = \^{Cn/Ln ): Fi = Qa-iFu; F 2 = (m/7r)Fo; and Fa = QijsFu. 

beyond its elastic limit, there is a hysteresis of a few megacycles per 
second in the tuning curve, and the resonant frequency for a given setting 
of the tuning mechanism depends on the direction of the tuner motion. 
This is not a fundamental property of cavity-tunable magnetrons. 

Coaxial-line-couplcd Tuning. —Figure 14-22 illustrates a method of 
tuning that is electrically similar to iris-coupled cavity tuning. A coaxial 
line replaces the iris shown in Fig. 14-18, and the equivalent circuit of 
Fig. 14-23 replaces that of Fig. 1419. In Fig. 14-23 the magnetron is a 
parallel-resonant circuit; the cavity, as seen through its coupling con¬ 
nection, may be taken as a parallel-resonant circuit by suitable choice of 
terminals along the coupling line, and the length of line h between the 
magnetron and the cavity (necessarily mX/2 long, with each end a 

' A. G. Smith, “The 4J70-77 Series of Tunable Magnetrons,” RL Report No. 1006, 
Feb. 4, 1946. 
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voltage maximum) may be taken as a series-resonant circuit over a 
small-wavelength range. The preceding analysis for iris coupling will 
then als o hold for coaxial-line coupling if = y/'L-n/Cn is replaced by 
Yn = \/ Cn/Ln throughout. If the resulting mode separation is so great 
that the connecting coaxial line is not adequately represented by a 
series-resonant circuit over the wavelength range involved, the circuit 
of Fig. 14-23 becomes inadequate and an analysis similar to that for 
double-output tunable magnetrons is necessary. Then, for example, 
the tuning curves are given by 


/i 


27r 


cot ^ Qe 2 




cot ‘ qe , 


(24) 


by analogy with Eq. (9). The resulting mode separations will always 
be less than those predicted by the circuit in P"ig. 14-23. 



Fill. 14-24. -A magnetron i*on|)Iccl to a vaiiablu tuiiing stub. 


14-10. Single-stub Tuning.—For applications requiring small tuning, 
of 1 per cent or less, at pulse-pOAver outputs of a few kilowatts, it is 
possible to convert an ordinary fixed-frequency magnetron into a tunable 
one by a single tuning stub correctly positioned on the output line. 
Such an arrangement^ is shown in Fig. 14-24. An equivalent circuit for 
Fig. 14-24 can be drawn by analogy with the equivalent circuit of Fig. 
14-23 for coaxial-coupled cavity tuning by representing the tuning stub 

' F. F. Rieke, “Adjustment of Magnetron FrequeiiL-y by an External Tuner,” 
RL Report No. 412, Sept. 6, 1943. 
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as a parallel-resonant circuit, at the center of the tuning range. Because 
it is desirable to keep the maximum voltage in the tuning stub low to 
avoid voltage breakdown, the useful tuning range is generally limited to 
that obtained by moving the plunger ±0.175Xo about the central length, 
I = (mXo/2) + (Xd/ 4). Over this tuning range, the frequency sensitivity 
of a short length h between the magnetron and the stub is unimportant, 
the only necessary criterion being that it be electrically mXo/2 long. 
Under the above condition then, the equivalent circuit of Fig. 14-13 
for double-output tuning is appropriate if the length I in Fig. 1413 is 



Fig. 14-25.—Rieke diagram of a magnetron tuned by a single-eiub tuner. The heavy 
circle ia the locuj) of the tuning curve. 

identified with the plunger length. Equation (9) is then valid if Qk 2 
is now understood to mean normal magnetron external Q; for the extreme 
values of I = Xo/4 ± 0.175Xo, the useful tuning range is 


AX ^ 2 
X Qe2 


(25) 


A useful alternate way of describing single-stub tuning is shown in 
the typical Rieke diagram^ of Fig. 14-25. The tuning stub is connected 
at that point (±mX/2) along the output line toward which the frequency 
contours converge, this condition being equivalent to making U elec¬ 
trically mX/2 long. The impedance presented to the magnetron by the 


» Ibid. 
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variable stub and the matched line are represented by points on the heavy 
circle in this diagram. Location of the frequency sink within rather 
than at the edge of the circle is the effect of the finite length U. Restrict¬ 
ing the useful tuning range to I = Xo/4 ± 0.175Xo corresponds to operat¬ 
ing on that semicircle of the heavy circle centered at the match point 
of the diagram. 



CHAPTER 15 


ELECTRONIC TUNING 

By W. V. Smith 

The development of microwave magnetrons has until recently been 
(U)ncerned only with on-ofT pulse modulation as a means of tr ansmitting 
intelligence. Because the magnetron is a self-excited oscillator, not an 
amplifier, it is impossible to modulate at low power levels and then 
amplify to the desired output as in conventional amplitude- and fre¬ 
quency-modulation systems; it is necessary instead for the impressed 
signal to modulate the full output of the tube in one stage. As a conse¬ 
quence, the power consumption in the modulator must increase as thi' 
output power is increased. Although this qualitative observation applies 
to both amplitude modulation and frequency modulation, thi' modulating 
power requirements for amplitude modulation may be deduced in a 
straightforward fashion from the static characteristics of magnetrons and 
will not be discussed further. It will be seen from the same static 
characteristics that a frequency modulation of several m(‘gacycles per 
second accompanies any straightforward amplitude modulation of 
microwave magnetrons. Although it would seem from Chap. 16, 
“Stabilization of Frequency,“ that there may be ways to overcome this 
difficulty, neither the theory nor the experiments with amplitude modula¬ 
tion of frequency-stabilized magnetrons have been pursued far enough 
to demonstrate completely the practicality of amplitude modulation. 
Frequency modulation, which is the subject of this chapter, has been 
demonstrated to be practical and rests on a sound theoretical basis. 
Present f-m magnetron designs are of two classes: electron-beam tuning 
and magnetron-diode tuning. Both are dependent on variation of th( 
space charge to produce the frequency modulation, but they differ in 
the means employed to control the space charge. 

ELECTRON-BEAM TUNING 

IB'l. General Considerations. —The physical sizes involved in micro- 
Avave resonant-cavity oscillators suggest a direct method of electronically 
varying the cavity frequency that is not feasible for longer wavelength 
oscillators. This method consists of injecting an electron beam of 
variable intensity into a region of high r-f electric fields in the cavity. 
These r-f fields induce r-f components of electron motion, that is, r-f 
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External tuning showing the magnetron and reactance tube 
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currents that for simple cases may be considered to be analogous to the 
displacement currents in a dielectric. In this simplified picture, the 
variable intensity of the electron stream is analogous to a variable dielec¬ 
tric constant in the cavity, hence a variable resonant frequency of the 
cavity oscillator. As a numerical example, the frequency of a 4000-Mc/ 
sec c-w magnetron with an output power of 25 watts can be modulated 
±5 Mc/sec by a ± 10-ma modulation of a 100-volt, 10-ma electron beam. 
The incident amplitude modulation in this illustration is negligible. 
Typical examples of magnetrons that are tuned by electron beams are 
shown in Fig. 15Ta and b. 

In Fig. 15Ta the electron beam is shot through a portion of the slot 
of a hole-and-slot magnetron, whereas in Fig. 15T5 the beam is shot 
through the capacitive region of a cavity coupled to the magnetron 
(see Chap. 14 for a general discussion of cavity-tuned magnetrons). 
The same nomenclature and derivations will be applicable to both Fig. 
15Ta and b if in Fig. 15Tb the term “cavity^^ is understood to apply to 
the combination of the magnetron and the reactance tube. In Fig. 
15Ta the electron beam traverses a region of high r-f electric field which 
is perpendicular to the d-c motion of the electrons. The electron beam 
is accelerated by the screen-grid potential Vh and passes between the 
segments of the anode block, which is at screen-grid potential. A 
magnetic field H, parallel to the axis of the tube, keeps the beam focused. 
The beam intensity is varied by the control grid (?, and in the simplest 
case the beam is collected by the collector R — Cj which may or may not 
be at the copper-block potential Vi- 

16-2. Fundamental Equations of Beam Tuning. General Case .—The 
important circuit parameters of a resonant cavity are its unloaded 
Q = Qu and its resonant frequency vq. If this cavity is traversed by an 
electron beam, it may be shown by perturbation methods that, providing 
the r-f energy stored in the electron stream is small compared with that 
in the cavity and providing the cavity resonances arc spaced far apart 
compared with the frequency shift induced by the electrons, the only 
effects of the electron stream are to change the Q of the cavity from 
Qu to Ql and to change its resonant frequency from ro to v. The deriva¬ 
tion of Ql and Av follows.^ 

If there is no electron beam, Maxwell's equations for the fields in the 
cavity are 

V X Eq = iojo/zoffo (let) 

and 

V X .^0 = —(1^) 

^ A. Banos, Jr., and D. S. Haxnii, “An Electronic Modulator for C-w Magnetrons,” 
RL Report No. 748, June 26, 1945. 
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whore and /?o represent the complex vector amplitudes of the c" 
rompnnents of electric and magnetic fields, which arc denoted by the 
subscript 0 when no electrons are present. The electric field satisfies 
the boundary condition that its tangential component vanish on the 
metallic walls of the cavity. Thus, on these walls that are assumed to 
be perfectly conducting 

n X - 0,! (2) 

where n is a unit vector normal to the surface. 

When electrons are present, MaxwelPs equations are 

V X = iw/iui/ (3a) 

and 

V XH = (3/;) 

where J is the complex vector amplitude of the c“‘"' component of the 
current density. In this case lj may be a complex number (see Chap. 7) 
the real part of whitdi rc'presents frequency and the imaginary part, a 
damping term contributed by the electrons. The looundary conditions 
are unchanged by the presen(;e of electrons, and again 

n X ^ = 0 (4) 

on the walls of the cavity. 

In order to find the shift in resonant frequency produced by the elec¬ 
trons, the scalar product of E times the conjugate of Eq. (15) is subtracted 
from the scalar product of ff times the conjugate of Eq. (la), yielding 

a V X E* - E V X fft = ■ Ht + enA - A*). (5) 

Similarly, the difference of the scalar products of H* times Eq. (3a) 

and E* times Eq. (35) yields 

Ht V XE - X ff = ■ Ht + eoi’ - J ■ E*. (6) 

By adding Eqs. (5) and (fi) and integrating the result over the entire 
volume V of th(' cavity, 

V ■ {E^ X H E X Ei) dV = i(w - U,,,) (^„/7 • ff* 

+ ■ El) dV - j^J ■ E* dV. (7) 

In writing the left-hand side of Eq. (7), use has been made of the vector 
identity 

V(A X A) = A ■ (V X ^) - ^ ■ (V X A). 

By the divergence theorem, the left side of Eq. (7) can be rewritten as a 
surface integral over the bounding surface of the cavity. If n is the 
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outward normal, 

V ■ (S* X ff + s X H*) dV 


/. 




;i • (E* X H + E X Ht) dS = 0 (8; 


because the tangential components of both En and E vanish on the metal¬ 
lic boundary of the cavity. Hence Eq. (7) reduces to 


i(cj — cjd) = 


/v 


J ■ E* dV 


■ n* + uE ■ E*) dV 


(9) 


Thus far the calculation has been rigorous, V)ut Eq. (9) can be simplified 
if analysis is restricted to the condition Avhere E and II differ only slightly 
from En and ffo. Then 




( 10 ) 


where W is the average energy stored in tlie unperturbtMl (cavity and is 
equal to 

W = \ dV. 

The electronic damping is best shown by rewriting Eq. (10) in the form 

where Av is the frequency shift and Qei is the electronic Q, which equals 
2ir times the energy stored divided by the energy lost per cycle to thi^ 
electrons. If the cavity walls are not perfectly conducting, can be 
combined with Qu of the cavity in the usual manner, that is, 



Qu 


1 

Ql 


The plausibility of Eq. (11) may be seen by realizing that J ■ A'* dV 
is the analogue of E* • 7 in ordinary circuit theory. Therefore, the real 
part of dV is twice the work done per second on the electrons 

by the cavity fields, and, by definition, division by 87rroTE yields l/2Q,i, 
w'hich is the result given in Eq. (11). Furthermore, in conventional 
circuit theory, the addition of a simple capacitive or inductive element 
to the circuit in such a way that only a small proportion of the stored 
energy is associated with the added element results in a relative shift 
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in resonant frequency equal to one-half the ratio of this energy in the 
added element to the total energy. Thus, because the imaginai^^ part 
of l/27rvo/J^-E'* dV is twice the energy stored in the electron beam 
that passes through a magnetron cavity, division by 4TT^ gives the relative 
frequency shift. It is to be noted that Eq. (11) is valid in all electronic 
tuning schemes of practical interests because the energy stored in the 
beam is small compared with the total energy stored. 

In an oscillator the electrons do work on the r-f fields; that is, Q^i is 
negative. In discussing electronic tuning, although the final aim is to 
modulate the frequency of an oscillating magnetron, it is convenient to 
discuss first the changes in the resonant frequency and Q that are pro¬ 
duced in a nonoscillating magnetron by an electron beam that passes 
through the same high r-f fields that would exist in an oscillating mag¬ 
netron. If the Q is not lowered greatly, the relative frequency shift for 
the oscillating magnetron will then be equal to that for the n on oscillating 
magnetron. Also, although the final aim is to modulate the magnetron 
frequency by modulating the electron beam at some modulation fre¬ 
quency Vmf future derivations will be restricted to computing the fre¬ 
quency shift produced by a steady electron beam. Because J remains 
essentially unchanged over many cycles of r-f fields when Vm « 
the modulation may then be treated as a succession of quavsi-steady 
states, and the ensuing spectrum may be computed from conventional f-rn 
analysis. Ratios of Vm to vn less than are, in general, satisfactory.' 

Two methods of frequency modulation that involve changes in ./ are 
possible. In one the magnitude of J is changed, and in the other the 
phase 0 of J is changed relative to E. Any change in the phase changes 
the value of Q,ij whereas a change in the magnitude of J maintains 

1/Qei equal to zero if 0 is kept constant at a value such that JEav i-^ 

imaginary. The reflex klystron in the middle of one of its modes is a 
good example of frequency modulation by means of phase modulation; 
the phase is controlled by the reflector. The klystron illustrates the 
typical variation of Qei (here negative) with frequency and the consequent 
variation in efficiency with frequency. 

Uniform Electron Gas .—The application of Eq. (11) may be illustrated 
by the simple example of a cavity filled with a uniform electron gas of 
N electrons per cubic meter. At frequencies high enough so that the 
motion of the electrons takes place in a region so small that the spatial 
variation of the r-f field can be neglected, J may be simply evaluated 
from the equations of motion, neglecting Lorentz forces.^ Thus, where 

‘ See L. P. Smith and C. Shulman, Princeton Technical Report No. 22C, for an 
analysis applicable to the type of tuning shown in Fig. 151, 

“ A. Haiios, Jr,, and D, S, Saxon, op. di. 
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V it 5 the electron velocity and r is the vector displacement of the electron, 

„ = ( 13 ) 

. vnw 

and 


r =-, Kv 

mto“ 


( 14 ) 


The magrnitvide of the current density J may be calculated from Kq. 
(13). Thus, 


= -Nev = 


mcij 


115) 


where N is the number of elections per euliie meter. Siilistitiition of 
Eq. (15) in Eq. (11), remembering that 

W = [E\^ dV, 

yields the well-known dispersion formula for an electron gas of low 
density,* 

_ 1 Ne“ _ pe 

1^0 eo 2ma)2 ^ ^ 


Avhere p is the charge density. Because collisions with the cavity walls 
are ignored and the electron velocity is a periodic function of time about 
a fixed point, there is no way for the electrons to abstract energy from 
the r-f fields, and it follows that Q^i is infinite. Equation (17) is the 
fractional change of the resonant frequency of a cavity from its empty- 
space value to its value when the cavity is filled with matter having a 
dielectric constant 


K = \ - 


Ne ^ 

enmw“ 


(18) 


For high beam-current densities (0.2 amp/cm^ at 100 volts for ti 
high-vacuum tube) N = 2.1 X 10*^. Substitution in Eq. (17) shows 
that even for this value of N, at 10,000 Mc/sec, the total frequenej^ shift 
due to the electrons is only 8.5 Mc/sec. Although a value of N sub¬ 
stantially higher than 10*^ could be obtained by an arc discharge, no 
control of the density would be possible in the high r-f fields present. 

It is possible to increase the tuning considerably by increasing J for 
fixed E and fixed d-c cathode emission using either of two methods. 
Referring to the first half of Eq. (15) these methods may be distinguished 

' J. A. Strutiim, Ehciroinagnvtii:: Thpory^ Mc(^raw-Hill, 1941, pp. 325—327. 
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as increasing either the number of electrons N or the velocity of the 
electrons v. In the klystron, an example of the first method, an initially 
small velocity modulation superposed on a beam of electrons is changed 
by means of a drift space into a density modulation. By the use of a 
reflector the region of high-density modulation is made to coincide with 
the region of high E that produced the original velocity modulation. 
Thus N is increased locally with no added drain on the d-c emission from 
the (jathode. An example of the second method is a cavity containing 
electrons in a magnetic field of flux density B with associated cyclotron 


frtupiency 

cE 

27rm 


(19) 


In those regions where E is perpendicular to the resonance effects 
near v = v^, can be shoAvn to increase greatly the amplitude of the dis¬ 
placement vector r for fixed E. As a consequence v is increased propor¬ 
tionally because an electron must now cover a greater distance in one 
cycle. 

The present discussion is limited to the method of varying the electron 
velocity which so far apptairs to be the only practical way of handling 
the high output power of magnetrons. 

16-3. The Principles of Electron-beam Tuning in a Magnetic Field.— 
Figure 15-1 will be taken as the starting point for a tiuantitative analysis 
of electron-bi^am tuning. The cavity contains a region of high and fairly 
uniform electric field. A beam of electrons can readily be injected into 
this high-lield region and can be kept focused by an aligning magnetic 
field that, being perpendicular to the electric field, also serves to deter¬ 
mine the amplitude \r\ of the electronic oscillations and hence the amount 
of tuning attainable. 

The problem may be divided into an r-f problem and a d-c problem. 
In the r-f problem the tuning, the amplitude |r|, and the electronic Q 
are evaluated in terms of the d-c current density ./u, the d-c electron 
velocity ?»o, the magnetic field and the physitail dimensions. In the 
d-c problem, Jo and Vn are evaluated in terms of the cathode-to-block 
potential Vb and the physical dimensions. In both problems the effects 
of the fringing fields above and below the gap region are neglected. 
The effective lumping of the capacitance in Fig. 15T concentrates the 
r-f electric field in the gap region and leaves the r-f fringing fields small. 
The location of the beam in a plane of r-f symmetry further minimizes 
the fringing, which is estimated b^" Saxon and Banos^ to affect tuning 
and electronic Q by less than 1 per cent. The somewhat more important 


‘ A. Biifios, Jr., and D. S. Saxon, “An Electronic Modulator for C-w Magnetrons," 
IMj Report No. 748, Jiiile 26, 1.945. 
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effects of the fringing fields for the d-c problem are shown^ always to 
increase the current necessary to effect a given amount of tuning. If 
the fringing fields are neglected, the derivations that follow represent a 
lower limit on Jq. 

Figure 15-2 illustrates the spiral path of an electron in the beam as 
it travels through the cavity. The electrons begin at zero amplitude, 
rise to a maximum radius jr^axl, and fall again to zero; this process 
repeats itself to first approximation with a frequency v — Vc as long as the 
electrons remain between the plates. The frequency v — Vc m el beat 
between the operating frequency and the cyclotron frequency Vc asso¬ 
ciated with the magnetic field B 
[Eq. (19)]. The electrons enter 
the gap region with a kinetic en¬ 
ergy mVo/2. The kinetic (uiergy 
that the electrons gain while in the 
gap region contributes to the 
stored r-f energy and hence 
changes the cavity frequency. 
The extra kinetic energy possessed 
by the electrons when they leav(‘ 
the gap (energy that has been 
acquired from the r-f fields of tht‘ 
cavity) is ultimately dissipat(^d at 
the collector and hence represents 
a loss or resistance in the circuit. 
In the r-f problem, the analogous relations to Eqs. (14) and (17) of the 
electron gas treatment have been derived by Saxon and Banos.^ Essen¬ 
tially they are 

_ 2eE 1 

- 11 ’ 

^ ^ ^ _?_ r, 

vii 2muj^tn 1 — ’ 

and 

i_ = 1 r 

2Q,i 2mw\^ 1 - 10 * ’ 

where 

V 

In Eqs. (21) 

_ stored electric field energy in beam region _ d 
® total stored electric field energy 1) 


( 20 ) 

(21a) 

(21b) 

(22) 



Fiq. 16-2.—Path of an plectron in beam 
tuning. 


^ Ibid. 
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beamwidth, 
gap width, 

energy of the electric field stored in the gap region . . 

total stored electric field energy 

charge density = — ■ (24) 

F and G are functions of the phase of the spiral path at which the electron 
leaves the gap region. Their values, generally less than unity, are 


and 


where 


and 

Thus, a is the phase angle of the l)(‘Mt frequency between v and Vc over 
the length h of the gap. The approximations that have been made render 
Eqs. (20) and (25) invalid near /(3 = 0 and also in the immediate Aucinity 
of = 1. 

The interpretation of Eq. (256) in terms of the spiral path of Fig. 15-2 
is deal' for the case of G = 0; that is, 

q: = 27rAj, where n is an integer 9 ^ 0, (27) 

because this is the condition in which the electrons leave the gap region 
at a node in their r-f motion, thus abstracting no r-f energy from the 
field. The quantities F and G are plotted in Fig. 15-3. Separate evalua¬ 
tions of Eqs. (26) and (21) lead to an indeterminant answer at /3 = 1, 
« = 0; but the proper limiting process shoAvs that the tuning is zero 
and the loss finite for this practically unimportant case. It is important 
to note that the change of sign of (1 — /0-) in Eq. (216) at jS = 1 considered 
in conjunction with Fig. 15*3 means that l/2Q,,i is always positive or 
zero whereas the tuning changes sign near = 1 because Av is positive 
for |0 < 1 and negative for > 1. 

Considering now the d-c problem, the maximum current density 
that can be sent between the two plates at a d-c potential Fb, in 
the absence of r-f fields, is^ 

^ A. V. liaeff, Proc. IRE^ 27, 58G, September 1939. 


F = 1 - 


+ 1 sin a 


^ jS + 1 (1 — cos a) 

= - , 

z a 


= (to — tOf) — = (to — tOc)< 

W.l 


(25a) 

(25b) 

(26) 


t = transit time through the gap. 


where 

d = 
D = 

V = 
P = 
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' Omaz 


Dd 9 Vm 




9.35 X 10-“ 
Dd 




(28) 


where Fmaz is a slowly varying function of d/D plotted in Fig. 15-4. 
It is assumed that the superposed r-f field does not greatly modify Eq. 
(28). The space-charge effect that limits the current also reduces the 
electron velocity, thus affecting p, F, and G in Eqs. (21). An effective 
beam velocity Vc, dete^rmined by an effective beam voltage Fn, must 




-4fl’ -2‘»r a 0 Ztt 47r 

Fig .15-3 .—F and G au functions of of and 3. 
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thpreforp be used in these equations. 



0 0.2 0.4 0.6 O.B 1.0 

A. 

D 

I' lii. 15-4.---Paraiiipter Tmax a function of 
dID, 


Because varies as (1 /vo)»vk 

to a first approximation, l/v^ will 
be defined as (lAo)avB and 


The ratio Fo/Fb is related to d/D 
and Jo/«/umax as shown in Fig. 15-5. 

If Eq. (27) is to be satisfied 
over the whole f-m band of the 
tube, O' and therefore Vh must be 
maintained constant; therefore 
the frequency modulation must be 
attained by varying J d by the grid 
control while maintaining Fb con¬ 
stant. Under these conditions 
the frequency modulation will be 
linear with /o except where J o is 
near the space-charge-limited 
value /D,«ax, in which case the rapid 


variation in F„ will destroy the linearity (Fig. 15-5). There is usually 
some maximum value of r permissible before an excessive number of elec- 



0 0.2 0.4 0.6 O.B 1.0 

man 

Fig. 15-5.— Vo/Vi as a function of fai' several values of d/D. 

trons hits a part of the tube. In Fig. 15T, for instance, this value 
might be 

D-d 

= 


2 


(30) 
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and represents the distanee between the elertron beam and the eavity 
Walls in the absence of an r-f electric field. If the number of electrons 
per cubic meter N is maintained constant, then limits the power 
that can be handled for a given amount of tuning because, at a fixed 
r-f voltage, changing the magnetic field to increase the tuning increases 
the orbit size and an increase in the r-f field at fixed tuning likewise 
increases the orbit. 

15'4. The Engineering Equations of Electron-beam Tuning. —Equa¬ 
tions (20) through (30) may be used cither to analyze the electronic 
tuning that Avill be available with a given anode-bloe.k design or ti) 
synthesize an optimum anode-block design for a given amount of elec¬ 
tronic tuning and output power. The first problem is by far the simpler. 
By starting Avith the magnetron output power, the r-f voltage across the 
gap through which the electrons are to travel may be computed by the 
methods discussed in previous chapters. Equations (20) and (30) then 
determine how closely one may approach the cyclotron frequency 
before electrons strike the walls of the gap. The tuning and the loss 
may then be computetl from Eqs. (21), where the maximum value of p 
is limited by the cathode emission or by the space-charge limit [Eq. (28)]. 

In the synthesis of an optimum anode-block design, however, a 
convenient procedure is to start with the desired magnetron output power 
Po, the external Q = Q/^, the frequency ro, the desired tuning Av, and the 
maximum safe peak currtait density /o, which is determined by cathode 
quality, as the independent variables. These Avill then determine the 
values of the dependent variables F?,, p, /O, Z), ri, I, and h. The procedure 
is as follows. First, through V rfj the r-f voltage appearing across the 
gap Po and Qe may be related to |rm^x| and D, subject to certain restric¬ 
tions. It will then follow that the product Vhf{Av/vo) determines pF^, 
subject to certain other restrictions, one of Avhich is that the space- 
charge limit is made equal to the cathode-emission limit Jop. 

From Vh, Jopj Vrf, and Av/vn^ it is then possible to determine D and jS 
for fixed d/D and p. Construction considerations limit the choice of p, 
and other considerations fix d/D near the value of J-. The no-loss 
condition of Eq. (27) determines h when is known. If the subsidiary 
restrictions—which are less important interrelations of the dependent 
variables—can be satisfied, the design is then complete. 

The first step is to relate to Vrf = ED (see Fig. 15Ttt). To do 
this a characteristic admittance is ascribed to the gap region according 
to the relation 

V _ n / stored in gap region\ _ 1 Ih ,,,,, 

fT )-mm: 


using only the d-c capacitance of the gap region as a first approximation 
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to its actual value. This d-c approximation to Yc will be used throughout 
this chapter. If the magnetron is coupled to the useful load by some lead 
(not shown in Fig. 15T) having an external Q = as defined in Chap. 
5, Eqs. (23) and (31) together with the definition of Qe yield 

(32) 

It will be seen that in addition to Po, Eq. (32) contains the new dependent 
variable 1%, which is a function of three of the six dependent variables 
previously listed. Although their variation in subsequent equations is 
more important, p, Po, and Qe enter Eq. (32) in an insensitive fashion, 
appearing as fractional powers. It is convenient, therefore, to make a 
trial guess at 7), Z, and A, to use these estimates in subsequent calculations, 
and then to revise the estimates as is required by the final computation. 
The quantity p [Eq. (23)], which depends on Z, is easily estimated. For 
a tube like that shown in Fig. 15Ta p would be approximately ^ because 
one of six oscillators is tuned and over half of the electric energy stored 
by the oscillator and its associated strap resides in the gap region. More 
accurate estimates of p can be made from the circuit analyses of the 
resonant cavity given in Chaps. 2 and 8. The external Q will be deter¬ 
mined by conditions not affecting the electronic tuning problem, such 
as pulling figure, mode spectrum, and the electronic efficiency of the 
magnetron itsedf. Sul)ject to these conditions, Qe shovdd be kept as low' 
as possible to minimize Vrf- 

A second relation involving Vrf may be derived from Eqs. (20) and 
(30). 


Vrf 


max 


mu)^|(/3^ - 1)1 / _ fA , 

ie V 

= 5 X - 1)1 (t - 


(33) 


Equation (33) rej)resents the maximum permissible r-f A^oltage at which 
the electrons do not hit the plates. Ecpiations (32) and (33) set an 
upper limit to the output pow er Pp that can be handled by the beam. 

By combining Eqs. (21 n), (24), (27), and (29), the fractional tuning 
becomes 


^ _ 1 / /o \ /nV' d 1 

Vo “ \ni) VW 1 


(34) 


or, in more practical units, 


voAv = 4.24 X 10= 



(35) 
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where v is in megacycles per second, Jo in amperes per square centimeter, 
and V in volts. Equation (35) is plotted in Fig. 15-6 with the restric¬ 
tion that Jo = Jo„.«, under which condition the average value of 
{Vb/VoY'^ is 1.58. To maximize the fractional tuning Av/vd while hold¬ 
ing constant, only the quantity Jo/W"^ which is proportional to 

the charge density p, must be maximized, since the small variation of 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Current density in amp/cm2 

Fig. 15-6.—Aiioile-blopk potential Vt, as a function of current density Ja for various value.T 
of {D/d)i\ - fi^)/pivAp/\0^) with (Ff,/Fo)i = 1.58. 

(Fb/Fo)^^ may be ignored (see Fig. 15-5). In the space-charge-limited 
region, Jo may be made equal to Ji)„,a,, whence, from the proportionality 
of Jomax to Fb^^ in Eq. (28), Av/v^ is proportional to Ft. To increase 
Fb beyond the point at Avhich Jo„.ftx equals the emission limit Jop decreases 
the tuning, however, because the increase in electron velocity decreases 
the space-charge density. Thus Eq. (34) is maximized by equating 
Jo to both Joj, and Jomw Eliminating Jo = Junmx from Eq. (34) by 
means of Eq. (28) and multiplying the resultant equation by Eq. (33) 
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- -fi) i 

where 0 is plotted in Fig. 15-7, assuming (Fb/Fo)^^ = 1.58. 

It is to be noted that the product p0Fb is independent of magnetic 
field, again emphasizing that j0 can affect orbit size only for a given r-f 
voltage. The tuning is directly proportional to the relative orbit size, 

and the permissible r-f voltage _ 

is inversely proportional to it. 

Equation (30) for constant d/D is 
independent of D as a consequence 
of the space-charge limit set by 
Eq. (28). 

Equation (30) determines the 
(‘athode-to-block potential Vh as a 0.2 
function of d/D. Maximizing 
both Ar/rii and V in Eqs. 1 
(34) and (30) with respect to d/D 
represents a compromise best 
satisfied when d/D is approxi¬ 
mately etpial to as the jjlot of 
{d/D)(t> in Fig. 15-7 demonstrates. 

The value of Vj, [Eq. (35)] is an 
important criterion of the prac- 0. 
ticality of the design. If Fb is ° ^ 

too high, the tuner power will be ^ 

A ■ p ■ j ■ I 1 1 -1 15-7.—PMriiinr»hi>r 0 iis n fuiintion of 

gnvat; it it is too low, close grid 

spacings are necessary to attain the requisite current density. It is 
always jiossible in the latter case to increase Ft, and thus to increase 
either tuning or power-hamlling ability of the design. 

To summarize the engineering procedure to this point then, F has been 
fletermined by Flq. (32) from Pu and Q/^ as independent variables and 
From trial values of Yc and p. From VeFj Av/vq and p, together with a 
choice of d/D near and the assumed value of (Fb/Fn)^ = 1.58, Ft is 
fletermined by Eq. (36) and Figs. 15-4 and 15-7. The assumption 
equating ,/op to JomRx in deriving Eq. (36) allows determination of D 
by Eq. (28). With D known, p can be determined from Eq. (33). 
It is to be notied that a trial value of D had been assumed in computing 
F,: by Eq. (31), but it is, in general, not appropriate to make a new 
estimate of Yc at this point, because I and h are still arbitrary. 

The next step in the design is to determine if the requisite value of 
P is consistent with other demands of the problem. In the first place, 



ELECTRONIC TUNING 


008 


(8 determines the cavity height h necessary to satisfy Eq. 
condition may be rewritten 


[Sec. J5-4 
(27). This 



a _ (1 - P)vh _ 505(1 - fi) ^ 

2Tr v7 


(37) 


where is defined by Eq. (29). 

Equation (37) represents the no-loss condition or, strictly, the 
minimum-loss condition, since there is a velocity distribution across the 
beam. Because Vo varies with the current as shown in Fig. 15*5, some 
compromise value of Vo/Vh must be chosen, depending on the ratio of 
Jo to /omnx, at which the loss is to be minimized. A reasonable value for 
(Vo/Vb) is 0.7, in which case 


h _ nVb^'^- 

X “ 000(1 - ^)‘ 




Although there are two adjustable parameters in Eq. (38), n and h, 
it cannot always be satisfied, because both parameters have further 
restrictions. Thus n must be an integer greater than or equal to 1, and 
the value of h must be consistent with considerations of size, cavity 
admittance Yc effective lumping of capacitance (/i < X/4), and magnet 
weight. Furthermore, if internal tuning of the tube is intended, h 
may already be determined by other considerations such as magnetron 
output power. For tuning of ajjproximately one-tenth of 1 per cent it is 
not necessary to satisfy Eq. (37), although, as may be seen from Fig. 
15-3 and Eq. (21tt), it is still desirable to keep a [see Eq. (26)] greater than 
TT so that F will remain near unity. 

An additional rcistriction on 13 is that it cannot be chosen too near 
1 for reasons of magnet stability and of tunability. If the magnetron 
is to be mechanically tunable over a 10 per cent range, the extreme values 
of (jS — 1) are 0.05 and 0.15 for a center value of (/? — 1) = 0.09. This 
corresponds to a 300 per cent change in {p — 1) and would probably 
result in an intolerable variation in loss and ranges of frequeni-y modula¬ 
tion. It is always possible to vary the magnetic field in a way that keeps 
P constant over the mechanical tuning range. Even if the approach of 
to 1 is not limited by the above considerations, a fundamental limit is 
set by the inherent frequency sensitivity of Eq. (21a), the right-hand 
member of which is actually a function of w rather than un as has been 
tacitly assumed wherever (3 = v^/v has been treated as a constant. This 
limitation, usually not very serious, has been discussed by Smith and 
Shulman/ who show that at maximum tuning the approximation of u 


* L. P. Smith and C. Shulnian, Princeton Teehnical Report No. 22C. 
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'ay £jo is still valid providing that a quantity a^ain defined in Eq. (39), 
exceeds 1. 



Furthermore, if is less than i, more than one resonant frequency is 
possible. 

When is found to be satisfactory, the total input power jequired 
for the tuner can be determined. To find the total current the cathode 
length I must be known. This quantity is closely related to p, the ratio 
of stored energy in the gap to total stored energy in the cavity. It is also 
related to the cavity admittance Yr. in such a Avay that to maximize p 
and I must be as large as possible up to the approximate limit ? = X/4, 
where the lumped-constant approximation of becomes poor. 

With the choice of I determined by a compromise between minimum 
current input to the tuner and maximum p and all the variables 
ha\ e been determined. A neAv estimate of Yc can then be made, and 
the process repeated if necessary. In general, the third approximation 
will be satisfactory. 

As is evident from Fig. ISTa, the current need not be collected at 
the potential Vi but can be collected at some lower potential near Vn. 
Alternately, the beam can be made to traverse the gap twice if the elec¬ 
trode 72 — C is made negative. In this case the space-charge equation 
[Eq. (28)1 still limits b^it now refers to the sum of the absolute 

values of the two current streams. Thus ./n™ here equals tAvice Jo;>, 
the peak emission limit of the current stream leaving the cathode. 
Uncertainties as to where the return current is collected, whether or not 
more than two transits are possible, etc., complicate the use of a reflector 
at present. 

Use of the equations derived above is best illustrated by a specific 
example. Let the independent variables be Po = 3000 a\ atts, vq = 3000 
Mc/sec, Av = 10 Mc/sec, Jop = 0.2 amp/cm^, and Qn = 200. No 
reflector will be used. The fractions p and d/D will be assumed equal 
to s and ^ respectively. As a first trial, the choice D = 0.5 cm, 1=2 cm, 
and h = 2 cm yields Yc = 0.0133 mho, Avhence, from Eq. (28), D = 0.85 
cm. Next, from P^q. (33) P = 1.11, and from Eq. (37) h/n = 2.G3 cm. 
A choice of n = 1, h = 2.63 cm, and 1 = 2 cm gives Yc = 0.0103 as a 
second approximation. Repeating the above process gives the conver¬ 
gence shown in Table 15T. For simplicity I is maintained equal to 
2 cm. The convergence is rapid despite the almost twofold change in D 
from the first guess. Experimental data on a tube similar to the above 
example are included in Table 15-5. 
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Table 15 1. — An Example of Calculations for the Deston 
OF AN Electronically Tuned Magnetron 
IndepenilRni variables: 3000 watts, td = 3000 Mr/sf'f , 
Av = 10 Me/sec, Jnj, = 0.2 anip/em^, 
Qe = 200 . 

Arbitrary dependent variables: 7^ = 1, d/D = \^ I = 2. 


Trial 

Dj [■in 

h, cm 

Ft, inhi»s 

Tuf, 

volts 

IT, volts 


n 

I 

0.50 

2.00 

0.0133 

4230 

300 

1.110 

1 

2 

0.85 

2.63 

0.0103 

4800 

341 

1.125 

1 

3 

0.90 

2.45 

0.0091 

5120 

363 

1.130 

1 

4 

0.90 

2.44 

0.0090 

5200 

370 

1.130 

1 


16-6. Scaling. —The usefulness of sealing laws in magnetron design 
has been amply demonstrated in (yhap. 10. Anticipating a similar 
usefulness in electronic tuning, sev(‘ial scaling laws will be listtul heri', 
without derivation, because they come from a straightforward ai^plic.ation 
of the previously developed engineering equations. 

The simplest typ(‘. of sealing is that in which the percentage of tuning 
and the output potver are kept constant. In this case, linear scaling of 
all dimensions, keeping Vh, (S, and Qe constant and increasing Jq i)ropor- 
tionally to the scpiare of the frt^quency, solves the pi olilein, thereby 
keeping the total current 1 constant. The total input power remains 
constant, and the high-frequenej^ limit is set by exci\ssive demands on 
cathode emission and close grid spacing. 

A more practical scaling problem is that involved in kefq)ing ^uyi, 
p, Fc, and d/D constant and varying one or more of the ([uantities Ap, 
vq, or Da- Denoting the two scaling points by the subscripts 1 and 2, 
and letting Pdc = V^J^pd be the d-c input power to the tuner, the result¬ 
ing scaling laws are 


v„ (uA /a.A 

(40) 

(1 - 01) (>’^Y (1\N' 

(1 - lai) vj WJ \pj ’ 

(4J) 

D, (vY (apY 
£>. \pj \apJ \fJ ’ 

(42) 

n2(l + 02)hi _ (vAI AviV / PA^' 
ni(l + ^l)h 2 \Fi/ \Af 2 / \DoJ 

(43) 

ni(l + 0,)h _ (p 2 Y (ApX^ (P^Y 
«2(1 + 02)12 \«'l/ \PoJ 

(44) 

n,(l +i3,)Pz)c. _ (^2Y 

n2(l 02)PDCt \^i/ \Ar2/ \P 02/ 

(45) 


and 
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As an illiistration of the use of these laws, the example of Table 15-1 
will be sealed from 3000 Mc/sec to 1000 Mc/sec and 10,000 Mc/sec, 
keeping Av, Po, /dj,, p, Yc, and d/D constant. The results are shown 

Table 15 2. —rnEQi ENeY Scalinr of the Example in Table 151 
QiiJintitirs hclil [‘onstant: Po = 3000 watts, iAi' = 10 Mp/src, 

Jnp = 0.2 amp/nm*, Qe = 200, 
p = h d/D = i, n = 1, r. = 0.0090. 



1’/,, VI)It.S 

1 

i /J, rm 

h, nin 

/. cm 

Pf)c, watts 

1,000 

1210 

] . 3,90 

3.00 

6.60 

5.650 

58.50 

3 ,000 

363 

1.130 

0.90 

2.44 

2.000 

6.50 

10,000 1 

i 

121 

i 

1.045 

0.53 1 

0.88 

0.725 

0.64 


in Table 15 2 . The most striking ('Ifect is the rapid increase of input 
power as the frequency is decreased. The approach of /S to 1 at high 
fiefiuencies makes the combination of mechanical and electronic tuning 
more difficult there. 

15-6. Internal vs. External Cavity Tuning.—The two principal meth¬ 
ods of utilizing electron-beam tuning have been shown in Fig. 151a 
and h. Thv beam is shot either through a portion of one or more of the 
side caviti(\s of the magnetron or through a separate cavity appropriately 
coupled to the magnetron. At long Avavelengths, where compactness is 
desirable, there is a distinct advantage to the internal tuner a; at short 
wavelengths, where the goal frequently is maximum size of parts, the 
(‘xternal tuner h is preft'rred. It is important to compare the electrical 
]iroperties of the two methods in order to be able to choose betw een them 
in specific, cases. 

Neitiier design can be made so that 7 ; = 1 , the optimum condition 
for Eq. (30). In Ihe intcunal tuner a, if N is the number of oscillators, 
m the number of si dr' resonat ors through w hich a beam is shot, Tq the 
ratio of stored energy in the gap area to stored energy in one complete 
oscillator (including its associated straps), then 

pa = n. (40) 

Vane tubes, because of their nonimiform gap width, require a modification 
(which will not be developed here) of some of the formulas. For slot 
or hole-and-slot anode blocks, to which the present formulas apply 
directly, ro is generally about i when the anode blocks are strapped. 

The general restrictions of cavity tuning covered in Sec. 14-3 apply 
to the external tuner. In particular, mode troubles appear if the stabi¬ 
lization *S exceeds 2. Furthermore, if here is the ratio of stored energy 
ill the gap area to stored energy in the external cavity, it is difficult to 
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design cavities with greater than Thus, a relation similar to Eq. 
(46) is 

Vh = ^ 7 - r,. ( 47 ) 

In comparing the methods of Fig. 15Ta and h as applied to identical 
anode blocks, it is appropriate to make QKib)/S = Qsia) so that for the 
same output power the same r-f voltage Va appears across the slots in 
both magnetrons. Under these conditions in b, the r-f voltage Vj, appear¬ 
ing across the gap of the cavity may be related to Va and to the charac¬ 
teristic admittances of the cavity and Ym of the magnetron as follows: 


Energy in cavity 
Energy in magnetron 


S - I 
T' ■ 


For equal output powers and the same ratio of d/D, Eqs. (35), (45), 
(47), and (48) can be combined to relate the beam voltages necessary 
(at the space-charge limit) for internal tuning a as compared with external 
tuning b. The relation is 


Vs - i N n 
f S rn ro 


(-) 

o/aA 


If the current densities are maintained equal in the two cases, the voltages 
at the space-charge limit are proportional to the ^ power of the gap D. 
Furthermore, the anode dimension h can generally be made equal for 
internal and external tuning, Avhereas the beam dimension I (see Fig. 
151) for a caAuty tuner is approximately twice that for a single oscillator 
in the internal tuner. Thus one has 


(t) \Db/ 


Solving Eq. (49) for Av/va and assuming rn = r., 


(jO. 

fe). 


y/'ti - 1 y/2N 


m- 
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In this derivation no attempt has been made to satisfy the no-loss 
eondition. 

The meaning of Eq. (51) can be illustrated by a specific example of 
an external cavity that would be required to give the same tuning as 
would be obtained by internally tuning six oscillators of a 12-oscillator 
tube. If S is 2, Eq. (51) then gives 


and 



■PdC(I») 
P DC{a) 


(52) 


Thus, the complexity of six guns is to be balanced against the fourfold 
increase in power necessary with external-cavity tuning. Note that 
since the power requirements are low, approximating receiving-tube 
powers, the d-c input power to the tuner may not be an important 
consideration. 

It might appear that external-cavity tuning would be more flexible 
ill magnetron operating point because different magnetic fields can be 
used for the magnetron than for the tuner. However, practice reveals 
that the magnetic fields necessary for internal tuning are usually not 
different from those used in normal magnetron operation. 

Examples .—Typical of the internal beam-modulated tubes are tv o 
KCA designs, Tube 1 at 4000 Mc/sec and Tube 2 at 800 Mc/sec. Operat¬ 
ing characteristics of these tubes are given in Table 15 3. Both tubes 
are operated Avith single transit at a = 27r. The smaller electronic tuning 
of the 800-Mc/sec tube reflects the combined effect of higher output 
power and longer Avavelength, as discussed in Sec. 15-5. The tube 


Table 15-3.— Opeuating Chauacteristics of Internally Tuned 

C- W M A U N ETU ON S 



Tube 1 

Tube 2, 

mechanieally tunable 

Frequency Mc/sec. 

4000 

.00 

720 

.00 

780.00 

840 

.00 

Output power P„, watts. 

25 

.00 

460 

.00 

500.00 

540 

.00 

Maxinnuni clectroiiic tuning Ar, Mc/sec.. 

10 

.00 

2 

.50 

3.80 

4 

.70 

Modulating-beam current /op, ma. 

20 

.00 

500 

.00 

500.00 

500 

.00 

Number of guns m . 

2 

,00 

5. 

.00 

5.00 

5 

00 

Modulating-beam voltage Vh, volts. 

100. 

00 

300 

,00 

300.00 

300 

00 

Magnetron plate voltage Fnii, volts. 

800. 

00 

1050. 

00 

2230.00 

2520 

00 

Magnetron plate current /, ma. 

80. 

00 

400. 

00 

400.00 

400. 

00 

Magnetic field //, gauss. 

1600. 

00 

330 

00 

353.00 

377 

.00 

Cyclotron frequency/r-f frequency, . 

1. 

15 

1 

26 

1.25 

1. 

.24 










ELECTRONIC TUNING 


[Sku. 15 (i 


(;i4 

parameters for the BOO-Mc/sec tubc^ are listed in Table 15*4. From the 
dimensions and the operating data given in Table 15-3 the computed 
tuning is approximately O.b Mc/sec per gun, or a total of 3Mc/sec; 
this figure agrees well with the observed values. 

Tablk 15 - 4 . —Dksitjn Pauamktkhs uf an SOO-Mc/Sec RCA Tube 


Niiiiihor of os«:illatoiH n. 12 

Vanf' thickness i . 0. 1S7 in. 

Anoih^ IrriKih h . 2.000 in. 

Anoili; (Ihuncti'r . 1 250 in. 

Eloction-hcMin thickness d . 0.125 in. 

Avf!rfiKi* pliilc s('j)Mra,tion /)u,v»?. 0.500 in. 

Mininiiiin jjliitc separation !)„,„. 0.375 in. 

Bcani-ciithorlc length 1 . 0.500 in. 

Table 15-5. Oceratincj Characteuistics of a 2700-Mc/SEn Externally Tuned 

Magnetron 

The tube dinnaisiuns arc D = 0.400 in., d — 0.200 in., 


Table 15-5. Oceratincj Characteristics of a 2700-Mc/Sec Externally Tuned 

Magnetron 

The tube diimuisiuns are D = 0.400 in., d — 0.200 in., 




II 

p 

o 

in., //- = 

0.900 in. 


('yidotron Fretiuency 

I'-f rreipieni’y 

1.05 

1.15 

1 

.1 


nheo- 

retii-al* 

Ob¬ 
serve il 

Tlieo- 

retical* 

01 )- 

servnd 

Ob- 

servLMl 

Ob- 

si'rved 

Output powfM' watts . . 

125.00 

va 100 

1100.00 




Maxiinuni (‘Icctronif tuning Av, 
All’V.SCM'. . . 

6.50 

6.0 

10.00 

16.0 

Modulating-biN'iin current /n, rna. 
Modulating-beani voltage Vi,, 
volts . . 



100 . 0 

100.00 

150 0 


. 


300.0 

400.00 

1 

500.0 

^Stabilization N. . . . 


2.1 


2.1 

2.1 

Ratio of energy storial in gap to 
energy stored in external cav¬ 
ity f't . 

0.47 

0.47 

0.47 

1 

Magnetron jdate voltage V', 
volts... 

1100.0 



Magindron plate current /, nia. . 
External Q, Q/' . . . ... 


300.0 






300.0 


300.0 


300.0 






* iL‘.sultH an; ba.soil on an :ift;urate fii'lil-tliooiy value for Yc. 


A typitail external-cavity reactance tube is shown in Fig. 15*8. The 
reactance tube is designed for 15-Mc/sec frequency modulation of a 
2700-Mc/ sec magnetron with an output power of 400 watts. The 
magnetron and the reactance tube are coupled together by a coaxial 
line. Calculated and observed characteristics of this tube are listed in 

* A. L. Vitter, Jr., ?.i al., "LOT, 000 Mc/scc FM C-w Magnetron," RL Croup 
Report No. 52, I’el). 28, 1046. 
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Table 15-5, together with pertinent dimensions. The figures for = 1.15 
correspond to single transit, a = 27r. The figures for 0 = \.\ correspond 
to double transit, a > 27r. The agreement between theory and observa¬ 
tion is fortuitously good because the approximations involved in esti¬ 
mating fr, properly evaluating space- 
charge effects, etc., introduce un- 
(■('rtainties in the calculations of about 
20 per cent. 

MAGNETRON DIODE TUNING 

15-7, Fundamental Principles.—It 

has been shown in Sec. 15-2 that the 
attainabh^ electronic tuning of a side 
cavity traversed by a beam of elec¬ 
trons is proportional to the r-f cur¬ 
rent = —Nm = — pv [Eqs. (11) 

and (15)]. In Sec. 15-3, attention was 
focused on means of maximizing v, the 
component of electron velocity parallel 
to the r-f field. The conditions under which v was there maximized 
l equiiMHl that the charge density be introduced by means of an electron 
beam of potential To and current density /omax- The electron-beam 
analyses undertaken in Sec. 15-3 showed that it is difficult to attain 
large values of p in this manner and that the available tuning range was 
thus limited. 

In the present section emphasis is laid on a means of increasing p 
by utilizing the high space-charge density of a magnetron operated in 
the cutoff condition. The problem to be considered may be illustrated 
by a modification of Fig. 15T, in which the electron beam is replaced by a 
filamentary cathode extending along the length h between the plates A 
and radially located at the center of the electron beam. The potential 
Vh is now applied between the filamentary cathode and plates A, and 
the aligning magnetic field is retained. As a result of the crossed electric 
and magnetic fields, the cathode will be surrounded by a rotating space- 
charge sheath of density p, the approximate magnitude of Avhich may 
be most easily calculated by considering the simpler problem in Avhich 
the two plates Avith separation D of Fig. 15-la are replaced by a cylinder 
of diameter D concentric Avith the filamentary cathode. This is the 
conA^entional magnetron-diode problem solved by Hull' as 

m 

1 A. W. Hull, Phys. RnK, 23, 112 (1!)24). 
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Fia. 16-8.—Typical external-cavity re- 
antancft tube. 
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where Wc = and Vc is the cyclotron frequency [Eq. (19)]. For a 
magnetic field of 1070 gauss [wc = 27r(3 X 10®)], Eq. (53) yields 
p = 8.95 X 10“^ coulomb/meter^, whereas the charge density of a 100- 
volt electron beam at 0.2-amp/cm^ current density is 3.35 X 10“^ 
coulomb/meter^. Clearly the 27-fold increase in charge density in the 
magnetron diode is an attractive factor to attempt to utilize for electronic 
tuning. 

Maximizing p, however, is only one aspect of the problem; it is also 
necessary to maximize v. This has been done effectively in electron- 
beam tuning by using the aligning magnetic field to increase the ampli¬ 
tude of electronic oscillations when the r-f frequency v is near the 
cyclotron frequency Although a similar resonance effect is to be 
anticipated when the filamentary cathode is used, an analysis is necessary 
to establish the exact relation. Furthermore, the power-handling 
abilities of the two types of tuning must be compared. For a given tuning 
the increased charge density surrounding the filamentary cathode allows 
a smaller amplitude of electronic oscillations, but there is no obvious 
way to determine a maximum tolerable amplitude analogous to Ir^Bxl 
of Sec. 15-3 because some electrons will return to the cathode for all 
finite oscillation amplitudes. Finally, there is no obvious means of 
including a grid control around a filamentary cathode because any grid 
would be located in a region of high r-f fields and currents. However, 
because for magnetron diodes with sharp cutoff characteristit;s the radius 
of the space-charge cloud surrounding the cathode can be varied by 
varying Vh though practically no current is drawn to the plate, it is 
possible to dispense with the negative grid control by modulating the 
plate voltage and still have a low a-c power drain on the modulator. 

The similarity between the filamentary cylindrical diode just discussed 
and a conventional microwave multioscillator magnetron has led to 
theoretical analysis and experimentation with reactance tubes based on 
multioscillator magnetron design. The magnitudes involved are best 
illustrated by observing that a magnetron which, when oscillating, has 
an output power of 1 kw, may, when used as a reactance tube, be expected 
to handle an output power of 1 kw and that the difference between oscil¬ 
lating and nonoscillating resonant frequencies of multi oscillator mag¬ 
netrons is aVjout 1 per cent, Avhich corresponds to the anticipated 
electronic tuning. 

16-8. Small-signal Theory. —The shift in resonant frequency of a 
non oscillating magnetron, when its plate voltage is raised from zero 
to the cutoff condition, is a measure of the electronic tuning that could 
be accomplished with such a magnetron used as a reactance tube to tune 
another magnetron, providing the r-f energy level in the reactance tube 
is kept vanishingly small. In Chap. 6 it has been shown that the 
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electronics of a magnetron are exceedingly complex^ even for the limit 
of small-signal strength. A brief discussion will be given^ here of the 
reactive behavior of the space charge because the emphasis in Chap. 0 
is on the negative-resistance region of the space charge. 

Lamb and Phillips consider the shift in resonant frequency of a 
conventional multi[)scillator magnetron, operated in a condition of 
perfect cutoff, as a function of the anode voltage and hence of the radius 
Te of the rotating electron cloud surrounding the cathode of radius 
The analysis is restricted to thicknesses y of the electron sheath, which are 
small compared with Vc. 

The method used in computing the resonant frequency of the mag¬ 
netron anode block in the presence of a space charge is an extension 
of the impedance-matching techniques used in Chap. 2 to compute the 
fretpiency of the anode block without space charge. In Chap. 2 the 
anode is divided into two regions (Fig. 2-13) that jt)in at the aiioile radius 
Ta. Solutions of Maxweirs etiuations appropriate to the two regions are 
joined at /v by matching the impedance Z = Ea/Hz at the boundary, 
and the resulting solution yieltls the resonant frequency. For each 
mode number ?7i, Eb in the cathode-anode space (‘onsists of a sum of 
functions of angular and time dependence radial dependence 


./n(/0r) + 

where 

_ _ JU0rc) 

NU0r:y 


(54ttj 


i54b) 


jS = 27r/X, and Jn and are llessePs functions of the first and second 
kind, respectivel}^ their derivatives being and The most impor¬ 

tant member of the sum is the term n = m. The condition of Eq. (54b) 
on 5n is determined by making the tangential electric field E^ vanish at 
the cathode. When the effect of the space-charge cloud is included in 
the calculations, the cathode-anode region is subdivided into two regions 
meeting at r = the boundary of the space-charge sheath. The 
impedance Za of the sheath is evaluated at this boundary, looking in 
toward the cathode, and this impedance is matched to the free-space 
solution in the region between and Thus the boundary condition 
Z = 0 at r = Vc of Eq. (54b) for the problem without space charge is 
replaced by Z = Z^-i at r = Tc for the problem with space charge. The 
result can be expressed as replacing 5^ in Eq. (54a) by a quantity 5^, to be 
evaluated shortly. It will be recognized that the above approach differs 
from that of Secs. 15-2 and 15-3. It is more appropriate to a complex 
problem such as the present one, since, for one thing, no integrals need 
be evaluated. 


* W. E. Lamb and M. Phillips, J. Phys.^ IB, 230 (1947). 
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In computing the starting point is the Brillouin single-stream 
solution for the steady-state electron flow in the space-charge sheath 
and Bunemann's small-signal theory for the r-f perturbations imposed 
on this steady state by electromagnetic Avaves of the form (see 

Chap. 6). The result^ is 


where 


Za 


Lo y_ 

\Ei, )\k 



7^ 

^ V. 


cijJ — 

-» 


and /i ^ 0. 


(rif)] 


This result is not Avhat would be obtained if the electrons in the space- 
charge sheath were treated as free electrons satisfying Kqs. (12) to (17) 
but having a charge density determined by Eq. (53). Thus the modifica¬ 
tion in electron velocities from the free electron picture, so important 
in the beam-tuning of Sec. 15-3, also plays a role in the present problem. 

The expressions for 5', resulting from 7<]q. (55) an‘ 


^ _ V _ / 2 ^ w;._ 

'* ■ 22'* M!(n - D! \ Tr w; - 

Avhere n ^ 0; and 


(5()a) 


(5lif>) 


where 



Ui 


In each expression the terms containing y represent the correction 
to 6^. In Eq. (56a) the sign of the correction term changes at w = lj,., 
Avhereas the sign is always negative in Eq. (56^;). 

By letting r' be an effective cathode radius equal to 



2ny 

Tc cj? — a;7 


from Eq. (56a) or equal to 


re 







from Eq. (56b), the resonant wavelength may be computed from Table 
3-2 (that gives AA^avelength vs. cathode size). When this is done, a 
qualitative agreement is found Avith the experimental curves of Fig. 


^ W. Lamb and M. Phillips, op. cit. 
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15-9. These curves^ show the resonant frequency of the 7r-mode of an 
18-vane rising-sun anode block (the 3J31 tube of Sec. 19-14) as a function 
of plate voltage (which is proportional to the electron-sheath thickness y 
for small y) and magnetic field (which is proportional to Wc)- The 
enhanced tuning and change of sign at w = Wc (with H = 8800 gauss) 
are asc.rilied to the (n = 9)-compo- 

nent, and the asymmetry of the 23,900 _I 

curves above and below cjc to the -frb=300 

(a = 0)-component. In normal Aj-SOO 

operation this tube Avould run at T 

over 10 kv, but for the data of Fig. \ 

15-9 it was operated at nearly the | \ 

same magnetic field but under 1 kv, w 24,000 -1 V I - 

corresponding to a condition of ^ \ 

small y. c 

Since fire in Eq. (56a) is always 

(lesigiu'd to be h^ss than 1, it is ob- c i- '' | 

s(M’ved that 5' decreases rapidly ^ I \ j 

w ith increase in n. This corre- 24,100^ _t- -A |-j_ 

spoilds to the rapid decrease in the i ' ' 

r-f field streuigth from the anode to j 

the cathode for large /t. It also _^ ^_ 

means a small ratio q of stored r-f 

energy in the space-charge region I 

to total stored r-f luiergy [Eq. (23)]. z4 20ol_ 

By analogy with the beam-tuning 4 000 6 000 8 000 10,000 12,000 

analysis, specifically Eq. (36), in H in gauss 

which the quantity p is proportional >^'^■9.- SpaRc-rharge tuning at low 

1,0 q, it IS to be expected that this 

small value of q will decrease the product of tuning and tolerable r-f 
voltage for large n. 

lB-9. Experimental Data on Large-signal Conditions. —When multi¬ 
oscillator magnetrons are used as reactance tubes to modulate high 
powers, the tuning characteristics depart from the low-level behavior 
of Fig. 15-9. The larger elecrtonic orbits result in more collisions with 
the cathode, hence higher r-f loss and lower tuning. 

The 10-cm, c-av magnetron described in Table 11 1 (the CM16B tube) 
has been used as a starting point of several electronically tuned mag¬ 
netrons intended to operate at pow'er levels of 10 to 100 Avatts, consistent 
Avith the reliable magnetron operating point of 1000 volts and 150 ma 
(see performance chart in Chap. 19). In the first modification illustrated 
in Fig. 14-17, oscillating magnetron I is connected to reactance tube 

' Ihid. 


24,200 I_1 _ II I _ I 

4 000 6 000 8 000 10,000 12,000 

H in gauss 

J'li;. 15 9. --SpaRB-r.harge tuning at low 
pow'tM- levels. 
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magnetron III (indicated in Fig. 14*17 as “cavity”) by a section of coaxial 
line of such length that both tubes appear as parallel-resonant circuits 
at the same point on the line, as is shown in the equivalent circuit of 
Fig. 14-23, and the coupling to each tube is so adjusted that there is 
equal r-f energy storage in magnetron and tuner (*S = 2, see Sec. 14-3). 
In this case the tuning was observed to have a flat maximum at cjr/w 
near 2, with less than 10 per cent loss in output power. Loss Avas greatest 
at Wc/uj = 1. Tuner tubes Avith = 0.58, 0.75, and 0.85, operated 
at similar points, showed tuning of 3, 9, and 20 Mc/sec respectively,* 
confirming the theoretical increase in tuning aa ith cathode size [Eq. (56)]. 
For 15 Avatts r-f output and tuning of 20 Mc/sec, the d-c input to the 
reactance tube Avas 100 ma at 500 volts. This poAver Avas excessive for 
frequency modulation and aa as due to the poor cutoff characteristics of 
the tube. The tuning furthermore is distinctly nonlinear. 

In a second tuning method starting Avith this c-w magnetron, the 
magnetron and the tuner AA'ere combined in a single tube. Tavo cathodes 
were inserted into the anode from opposite ends of the tube, one to driA^e 
the magnetron and the other to provide tuning.-^ The experimental 
arrangement is shoAAm in Fig. 15T0. 

The end shield provided for the magnetron cathode Avas found 
necessary to minimize leakage to the tuner cathode, which Avas always 
positiA^e with respect to the magnetron cathode. The ratio of the 
cathode diameter to the anode diameter for the tuner Avas chosen as 
77 per cent, corresponding approximately to the middle cathode-anode 
ratio tried by Everhart.^ Operational data for this tube taken at 1700 
gauss shoAA" 4-Mc/sec tuning at 420 volts, 20-ma d-c tuner input for an 
r-f output of 17 AA atts, Avhereas the tuner input is 40 ma at 440 Aailts for 
an r-f output of 35 Avatts and the same tuning. Thus the tuning charac¬ 
teristics are strongly dependent on the r-f output level, and again com¬ 
paratively high modulator power is required. In this tube the r-f (lutput 
poAver drops by 20 per cent at the 4-Mc/sec tuning point. Simplicity of 
construction and adaptability for combination with wide-range mechani¬ 
cal tuning arc, however, important features of the above design. 

Another modification is shown in Fig. 1511. Here a portion of the 
A^anes is cut aAA^ay to provide space for a cylindrical tuner cathode that 
is concentric Avith the regular cathode. The tuner cathode is located in a 
region of comparatively Ioav r-f fields, Avhere the back bombardment 
is loAV. Furthermore, there is no leakage between the tAVo cathodes. 
At 1500 gauss, a tuner d-c input of 15 ma at 600 volts tuned 4 Mc/sec 

^ E. Everhart, “The Magnetron as an Electronic Reactance Tubc,“ RL Group 
Report No. 52, Mar. 15, 1945. 

2 Minutes of the Magnetron Modulation Coordinating Committee, Vacuum Tube 
Development Committee, May 25, 1945. 

Everhart, op. cit. 
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with an r-f output power of 30 watts. This tuning was strongly depend¬ 
ent on both r-f output power and magnetic field, the variation with 
magnetic field being complicated. For example, at 600 volts on the 
tuner the electronic tuning increased to 6.5 Mc/sec at 800 gauss, whereas 
for 300 volts the electronic tuning reversed sign. This behavior is seen 
to be quite inconsistent with the low-level behavior of Fig. 15-11.^ 

It is clear from the above illustrations that the attempts to utilize 
the high-electron density of a rotating space charge surrounding a 
cylindrical cathode have as yet met with only partial success. 



Fiii. 1511.— Cross scnlinii of magnetron two eonrentrii* ratliotles. 


16-10. Other Methods. —T wo further methods of electronic tuning 
have been investigated with indifferent success. In the first method, 
an electron stream is used to change the conductance instead of the 
susceptance of a portion of the resonant system. By transmission down a 
X/8 length of line this varialile conductance is made to appear primarily 
as a variable susceptance at the magnetron. Such tubes as have been 
tested have been capable of powers up to only 20 watts. The method 
furthermore inherently includes amplitude modulation and, in the 
particular designs tried, was sensitive to the power level of the magnetron. 

A second method has been to introduce an electrode that is designed 
to modulate the electron stream already present in the magnetron, thus 
eliminating the use of an auxiliary cathode. The resulting frequency 
modulation is found to be small. 

^ Although thn above illustrations have been for multioscillator tubes, mueh work 
has been done at the General Electric Co. with this method of tuning on split-anode 
magnetrons. Some of this work is summarized in the Minutes of the Magnetron 
Modulation Coordinating Committee, May 25, 1945. 
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STABILIZATION OF FREQUENCY 

By F. F. Rieke 

16'1. Introduction. —This chapter is concerned primarily witli the 
problem of minimizing the changes of frequency that occur as a result 
of accidental variations in the operating conditions of the magnetron 
and, more particularly, with methods of using an auxiliary resonant 
cavity for that purpose. It is not the aim of this chapter to give detailed 
instructions for building a magnetron stabilizer but rather to indicate 
the basic considerations that enter into its design. When it has been 
decided what properties the stabilizing circuit is to have, the realization 
of the circuit is a straightforward problem in microAvave cireaiitry and as 
such is outside the scope of this book. 

By usage, the term ^‘stability of the frequency^' has come to mean 
quite generally some quantity proi)urtioiial lo \/{dv/da)j where a 
represents the temperature, the output load, or the input current (or 
perhaps still another parameter that enters into the conditions of opera¬ 
tion). It would have been more appropriate to apply some such term as 
^‘stiffnessof the frequency in the above context, particularly since one 
has occasion to use the term ^'stability'’ in a more literal sense, namely, 
in connection Avith discontinuous changes in frequency that result from 
the instability of a normal mode of oscillation. 

Applications that require the frerpienc^y of the magnetron to be very 
constant often require also that the frequency be set to a preassigned 
value; consequently the possibility of tuning must also be considered 
along with that of stabilization. 

It has been shown in Chap. 7 that the frequency of oscillation of a 
magnetron can be related to the intersection of the curves — Y,.{V) and 
YLiv) in the G, B plane. Changes in operating conditions cause shifts 
in one or the other of these curves; in principle one can relate changes 
in frequency to the shifts of the curves and to the variation of the param¬ 
eter V along the Y curve. Quantitatively the computation is 
somewhat complicated, since it involves the angle with AA’^hich the curves 
intersect, etc. Qualitatively, the —YXV) curve may be considered to 
be simply a horizontal line; in that case the shifts of frequency will be 
inversely proportional to the derivative ^Bl/^v along the Yl curve. To 
stiffenthe frequency one must make this derivative large; in other 

6 ?? 
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words, one must, in effect, make the characteristic admittance Yc of 
the resonant system large. Generally speaking, this requirement implies 
that the ''stored energyof the system be increased. Perhaps it should 
be pointed out, however, that while it is necessary to increase the stored 
energy, it is not sufficient, for the energy must be stored in the proper 
way in order to be effective. 

To some extent one can increase the stored energy by modifying 
the shape of the conventional resonant system of the magnetron; but 
unless some new principle of design is invented, the possibilities in this 
direction are rather limited. In meeting the requirements imposed 
upon the interaction space, one seems necessarily to emd up with a 
structure with small tilearainuNS between the high-voltage parts and thus a 
compact resonant system with a large surface/volume ratio. Such 
i\ resonator necessarily has a relatively small unloaded Q, so that the 
storage of a large amoiint of energy is impossible (alway^s computed, of 
r oiirse, on the basis of a constant available power) and even moderate 
energy storage is ex])ensive. Gonsetiiuuitly it is advantageous to couple 
to the magnetron an auxiliary cavity designed to store the energy more 
i‘Conomit;ally, and it is this method of stabilizing (or stiffening) this 
freiiiiency which is to be treated in detail here. 

It shoidd be mentioned that the principle of auiomaiic-frtqumcy 
v.ontrol tain also be applied to the problem of maintaining a magnetron at a 
|)reassigned frequency.^ In an AFC system a frequency discriminator 
gtuierates an error signal whenever the frequency departs from its proper 
value, dlie error signal is amplified and then used to actuate a tuning 
mechanism that eliminates the departure. In principle, the AFC' system 
has one inherent advantage over the stabilizing cavity in that it acts to 
eliminate completely the errors in frequency rather than merely to 
reduce them in some constant proportion. If the AFC control depends 
upon mechanical tuning, however, it cannot respond to extremely rapid 
fluctuations. In any case, it is a rather complicated affair. In itself it 
cannot overcome the difficulties connected with instabilities that arise 
from a resonant load, although the auxiliary cavity can do so to a con¬ 
siderable extent, since in (dfect it increases the external Q of the mag¬ 
netron. It is possible to combine the advantages of both systems by 
using a stabilizing cavity as the tuning elemtmt in an AFC system. 

16'2. The Ideal Stabilizer. —In coupling the stabilizing cavity to the 
magnetron one attempts to approximate as nearly as possible the state 
of affairs represented by the equivalent circuit shown in Fig. 101, Avhere 
the cavity (3) is coupled to the magnetron (1) by an ideal transformer. 
The terminals A and T correspond to those similarly labeled in Fig. 7-5 

^ A iechiiiual discussion of AFC systems as applied to magnetron transmitters is 
contained in Vol. 3, Chfip. 13, Radiation Laboratory Series, Secs. 1311 to 1313. 
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of Chap. 7. Although in practice the ideal circuit can be approximated 
only over a rather narrow range of frequency, Fig. 16-1 provides a con¬ 
venient basis for the discussion of some of the fundamental relations 
involved in stabilization. Except for that part added to the left of the 


n : 1 A w ■ 1 T 



Fiq. lG-1.—Equivalent circuit of an ideal ntabilized mapnetrnn. 

terminals A, the circuit of Fig. 161 corresponds to that of Fig. I'M,. 
The admittance Yl is given by the relation 




( 1 ) 


By introducing the external Q's (with respect to a matched output 
transmission line of characteristic admittance M) Qm = Yr\ni^/M and 
Qvi-3 = Fcan^mVA/, Eq. (1) can be written in the form 


Qe\ 

F.i 


Yl 


+ + Q..’ 

Q\ji yi/3 \ vui 


— Vi 3\ 
Vfrs / 


+ yr. 


( 2 ) 


Provided that vuzj and v are not very different from each other, 
Eq. (2) can be approximated by 


where 


Yc (Qe I V — Vu , _ 


Vu 


> 


Qe = Qei + Qe3, 

_ QeiVuI ~h Qe3VU3 
Qei + Qe3 
Qe __ Qm , Q^ 

Qu Qui Qu3 


(3a) 

m 

(3c) 

{3d) 


The tuning properties of the combined system can be analyzed on the 
basis of Eq. (3c). From Eq. (3d) it follows that 


dvu _ 1 

dvui S 


(4a) 


and 


dvu ^ S - 1 
dvui S 


(4b) 
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where 

n _ Qei + 0^8 
Qei ' 


(4c) 


The quantity S will be referred to as the "stabilization factor.” When 
*5 is large, the resonant frequency of the system follows closely the reso¬ 
nant frequency of the stabilizer and varies only slowly with that of the 
magnetron. 

The effectiveness of the stabilizer in reducing the changes of frequency 
connected with temperature variations can be estimated on the basis of 
Eq. (4). In this respect the stabilizer can be effective only in so far 
as the stabilizer itself is better thermostated or better compensated 
against temperature changes than is the magnetron. If the thermal 
changes in the stabilizer resonance are negligible, the changes in vv 
(and therefore in the frequency of oscillation) resulting from changes in 
the temperature of the magnetron are reduced by the factor l/S. Actu¬ 
ally, the stabilizer does lend itself more readily to thermostating and 
compensation than does the magnetron, partly because less energy is 
dissipated in it and partly because it is a larger and simpler structure 
and generally more accessible. While stabilizing cavities have been 
constructed of invar, it has not been practicable to use this material for 
the magnetron proper. 

The variation of frequency with current is inversely proportional to 
the value of dBi/dv. From Kq. (3) it follows that, other things being 
equal, stabilization Avill reduce the derivative dv/dl in the ratio 1/S. 

The degree of dependence of the frequency (expressed in terms of 
Av/v) upon the external load yr is inversely proportional to Qe.^ (The 
pulling figure F is given by the relation F/v = 0.42 sec ol/Qe.) Conse¬ 
quently, if Qe\ is held fixed, the stability of the frequency against changes 
in load is directly proportional to the stabilization factor S. The 
assessment of the possible advantages of stabilization in this respect, 
however, involves much more than this simple relation, inasmuch as 
it is possible without stabilization to increase Qe simply by decreasing 
the coupling l/m“ to the external load. By this procedure the stability 
would be achieved at a considerable cost of circuit efficiency and, ordi¬ 
narily, electronic efficiency. Consequently it is necessary to consider 
stability in relation to over-all efficiency. 

The electronic efficiency rj^ varies with Gl in the fashion illustrated in 
Fig. 7-24. In the interest of making Qe large, Gl is usually made some¬ 
what less than its value where rje is a maximum, but Gl cannot be reduced 


' The relation is a very general one. For convenience in expression, increas¬ 
ing will be used ayiionyinouHly with “increasing the stability of the frequency 

against variation in the external load.” 
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indefinitely, for t/b falls off very rapidly at the lower values of Gl. To 
some degree, stabilization affords the possibilit}’' of choosing Gl and Qe 
independently, as is shoAvn by the relation 



Furthermore, the circuit efficiency at a given value of Qk increases with 
the stabilization factor S, as is shown by the relation 

(-) = 1 + Q. [ q- + 4 (^ - 0“-) ■ (fi) 

\nJvT=i 1^03 o \yi7i yr73/j 

It is assumed, of course, that Qu^ is many times largei- than Qui] in practice 
ratios of 5 or 10 can be achieved easily, and ratios of 20 or more are usually 
l)ossible. 

In applications to radar it generally comes about that stabilization 
is particularly worth while at the higher frcciuencies—say above 5000 
Mc/sec. This circumstance arises from the fact that it is the absoluir 
bandwidth Av rather than the relative bandwidth Av/r that controls 
the design of a receiving system. Although greater band widths are 
used at the higher frequencies, it has not been general practice to increase 
the bandwidth proportionally with v. As far as the magnetron is con¬ 
cerned, it is the relative bandwidth that counts, and the circumstance 
just mentioned requires that the magnetron have a greater Qk at the 
higher frequencies. Inasmuch as the unloaded Q tends to decrease as 
with increasing frequency and the circuit efficiency decreases wdth 
increasing ratio Qe/Qu, the circuit efficiency becomes a very important 
consideration at the high frequencies. 

Stabilized magnetrons have jiroved particularly useful in radar 
beacons, where the frequency must be held at an assigned value wdthin 
rather small tolerances. 

16'3- Coupling Methods.—The preceding discussion has been premised 
on the assumption that the circuit of Fig. KiT can be realized physically. 
If this circuit is taken literally, one arrives at the conclusion that it is 
always desirable to make the stabilization factor very large; that is, to 
arrive at a required value of Qkj one should make S large and propor¬ 
tionally small. This conclusion is rather obvious, for, other things being 
equal, it is advantageous to store a greater fraction of the energy in the 
most efficient element of the system, which is assumed to be the stabilizer 
rather than the magnetron proper. When physical limitations are taken 
into account—as will be done presently—it will be found that the 
advantages of stabilization, especially stabilization by large factors, have 
to be weighed against several disadvantages, among them increased 
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complexity and decreased flexibility of the system and perhaps more 
stringent limitations on manufacturing tolerances. 

The basic problem that has to be met consists of coupling a knv- 
impedance resonator (the magnetron) to a high-impedance resonator 
(the stabilizer) in such a way that the larger fraction of the energy is 
stored in the latter. The situation may be thought of in terms of the two 
circuits illustrated in Fig. 16-2a. One might couple the circuits by 
means of mutual inductance between the coils or by means of a tap as 
indicated by the dotted line in the figure, 
but in any case physical limitations make 
it impossible to secure a coupling coeffi¬ 
cient of unity. In consequence, the sys¬ 
tem will have two modes of oscillation; if 
the coupling is weak, the separation of the 
modes Aj'/j' is just equal to the coefficient 
of coupling. The arrangements actually 
used in stabilization have the properties 
of the circuit shown in Fig. 16’26, which 
has three modes of oscillation, and the 
difficulties encountered arise princii)ally 
from these extra modes. 

There are a considerable variety of 
arrangements that can be used to couple 
the stabilizer to the magnetron if details 
are taken into account. As far as essen¬ 
tials are concerned, however, the systems 
fall more or less into two classifications, 
depending mostly on whether the stabi¬ 
lizer is an integral part of the magnetron 
with a vacuum envelope common to both 
or is an attachment added after the mag¬ 
netron has been otherw ise completed and 
evacuated. In the former case the two 
resonant cavities are constructed tangent 
to each other, and the coupling effected by 
a common iris or resonant windoAv. In the latter case the cavities are 
coupled to opposite ends of a transmission line Avhose length is an appre¬ 
ciable fraction of a w^avelength or even a few Avavelengths. Even 
between these two cases there is no difference in principle. Conse¬ 
quently the problem will be discussed in terms of transmission-line 
coupling, because the greater amount of experience by far has been 
accumulated wdth this type coupling. 

A magnetron and stabilizer coupled through a transmission line 






T 

J 




(c) 

Fig. —Equivalent rir- 

cuits of a magnetron roiiplpcl to a 
.stabilizing ravity. 
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have, to a first approximation, an equivalent circuit like that shown in 
Fig. 16-20. It turns out that the exact placement of the external load 
in the circuit has an appreciable influence on the characteristics of the 
circuit and also that it is necessary, when high stabilization is sought, to 
add an auxiliary load to damp extraneous modes of oscillation (see Sec. 
16-4). Either of the loads can be connected in a variety of ways, and 
their inclusion in a general way would greatly complicate the equations 
to be dealt with. Therefore in outlining the general problem, purely 
reactive circuits will be used and the effects of the resistive elements will 
be treated qualitatively. 

In computing the admittance of the system it is convenient to 
normalize the terms with respect to the characteristic admittance of the 
transmission line as was done in deriving Eq. (2). If yi is the normalized 
admittance of the magnetron proper, 1/3 that of the stabilizer, and I the 
length of the transmission line between them, the admittance Yu at 
the terminals A of Fig. lG-2c is given by 


Y 


V 


I:' 

Qfa 



j/;t + j t an 0 \ 
y-ij Ian 6 + 1/ 


(7j 


where d = 2Trl/\, and X,; is the guide wavelength for the transmission line. 
At a particular frequency d will be exactly equal to //tt; and for fre¬ 
quencies not very different from V 2 , 6 is given approximately (exactly if 
Xy/X is independent of v) by 


9 = llTT -|- 2Qj.’2 “ ' - 

V2 


( 8 ) 


where Qe 2 = tt^X^/X^. The frequency V 2 can be considered to be the 
resonant frequency of the transmission line. 

Inasmuch as one is concerned only with values of v for which 
(r — v 2 )/v 2 is small, tan 6 can be approximated by 2 Qe 2 {v — 

For y\ and 1/3 the usual approximations for a parallel-resonant circuit 
will be used: yL = QE\2j{v — vi)/vx and 7/3 = QE^2j{v — For 

the present it will be assumed that vi = if the variable 

5 = (»/ — v^/vm is introduced, Eq. (7) can then be written 

or 

Yu = jBu = Y c\2j 

where 

*'-W- 


5 + 


ZQuai -|“ 2Qji3& 

1 — 4Qjs2Q£35'* 


(5 + 5')5(« 


.(« + «")(« 


:) 


(9a) 

m 


+ Qe2 + Qe3 


QeiQe2Qs3 


(9c) 
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and 


1 L . i._.. 

2 \ Qe2Q£:3 


(9d) 


The values —6', 0, +5' represent the resonances of the system. At 
the resonances, the rates of change of susceptance dBy/dh are 


(dBir\ _ oiz Qei + Qe2 H“ Qa’3 

dBu\ — ov 9. 


(10a) 

(lOf^) 


To illustrate the implications of the relations just derived, a numerical 
example will be given. It will be supposed that the magnetron has an 



Fig. 16-3.—Susceptance curves. 


output lead which is so coupled that Qei, the external Q with respect 
to it, is equal to 100—a typical value for normal output coupling. A 
stabilization factor *.S = 6 is to be sought; thus Eq. (4c) gives Qe 3 = 500. 
■^rhe transmission line has a length of 3X; but instead of the value Sir 
for Qa 2 , the round number 10 will be used. On the basis of the values 
Qki = 100, Qe 2 = 10, and = 500, one obtains the result 


5' = 0.0175, 
5" = 0.0071, 




630 


STABILIZATION OF FREQUENCY 


[Sei:. 163 


(Without the stabilizer, \/Yci{dBu/db) = 2.0.) The curve ol susceptancc 
plotted against 6 is shown in Fig. 16-3, where the dotted line indicates 
the corresponding quantity for the magnetron alone. With a typical 
value of Yci = 10“^ mho, it is roughly the range 

-0.03 < < +0.03 

1 rl 

that is significant in magnetron operation. 

Two ways of adding the external load to the system will be considered. 
The relations are simplest if (Case I) the magnetron is a specially con¬ 
structed one with tAvo output leads, one for the load and the other for 
the stabilizer. Tf the magnetron has only one output lead, the load must 
be tapped onto the transmission line of Fig. lG-2c, and it will be assumed 

to be connected in parallel with the stabilizer 
(Case II). 

For Case I, the external load Ye is simply 
added to Yu of Eq. (9tt). It AAdll be assumed 
that Ye is a pure conductance and has thi^ 
value that it would have if the magnetron 
were not stabilized and AAere loaded with a 
Qe of 100; then in the numerical example, 
YE/Yri = i/Qpn = 0.01. The YiXv) curve, 
conveniently treated as the (F/y}’ri)(5) curve, 
then has three coincident A^wtical branch(\s 
through the point Yr./y ,1 = 0.01. 

To compute ) y.(6) for (Jase If, one must 
replace 1/3 by t/h + j/e in Eq. (7). P'or the value 
of load assumed above, this amounts to rc'plac- 
ing ^'2Q/,'35 by (1 + j2QE-Ad) in Eq. (9a). The 
Jig. 16-4.- a [J mitt hull- y^/.(5) curve then takes on the form indicated 

schematically in Fig. l()-4. The significant 
parts of the Fiv(5) curves for both cases are plotted to scale in Fig. l()-5; 
to avoid confusion, only the halves of the curve for 5 positive arc shoAvn; 
the other halves are obtained by reflection on the real axis. The only 
essential difference between the two arrangements is that for Case I the 
load is effective for all three modes of oscillation (although the stabiliza¬ 
tion is not fully effectwe for tAvo of the modes); in Case II the load is 
effective only for the (5 = 0)-mode; for the other tAVo it is ^^shorted ouC^ 
by the stabilizer. 

It is to be noticed that for a small range of 6 centered about 5 = 0, 
either of the arrangements analyzed above duplicates the properties 
of the ideal system ilhistrated in Fig. lOT. The mode of oscillation 
in this range will be referred to as the principal mode.’' Two extra 
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modes of oscillation are introduced, however, and from experience it 
can be predicted that with the constants assumed in the above example, 
the system Avould fail to perform satisfactorily because of improper 
or uncertain selection of the mode of oscillation. The control of the 
extraneous modes is, therefore, the central problem. In the endeavor 
to prevent oscillations in the extraneous modes, three rather distinct 
principles have been tried. 



Fig. lB-5. —Adinittanci; uiirviiH. 

At one time it Avas expected that a very great separation of the extra¬ 
neous modes from the principal mode Avould serve to discourage oscillation 
in the extraneous modes. As far as the magnetron is concerned, the extra 
modes arise from a very large reactive effect in just one elementary 
resonator —the one to Avhich the stabilizer is directly coupled. It seems 
very probable that if the extraneous modes differed from the- principal 
mode (the principal mode has a frequency equal or very close to the 
normal 7r-mode of the magnetron) by 10 per cent or even more, these 
reactive effects Avould so distort the configuration of the electric fields 
in the interaction space that the interaction with the electron stream 
would be impaired'considerably. 
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By coupling the stabilizer to the magnetron through an iris it is 
possible to separate the extraneous modes from the central one by as 
much as 20 per cent. This possibility was taken advantage of in ‘^stabi¬ 
lized^' magnetrons designed by Herlin^ and Smith^ (Sec. 19'5). These 
magnetrons had auxiliary cavities so coupled as to yield a stabilization 
factor of about 5 for the principal mode; the extraneous modes were about 
20 per cent above and below the central mode. These magnetrons were 
complete failures in the sense that they could not be made to oscillate 
reliably in the principal, highly stable mode. They did, however, per¬ 
form quite satisfactorily in the low-frequency mode, but without appre¬ 
ciable benefit from the auxiliary cavity in stabilizing the frequency. 
This experience was more or less duplicated by experiments at the Bell 
Telephone Laboratories. Thus it appears that the separation between 
the modes is of little consequence in determining Avdiether or not the 
magnetron will oscillate in the “stabilized" mode. 

From their initial failure, Ilerlin and Smith arrived at a second 
principle. They interpreted their result in the following way; The 
“speed of starting" of a mode of oscillation should vary inversely with 
the degree of “stabilization" of the mode. To express the same thing 
in a different way, the speed of starting should vary inversely with the 
“effective capacitance" of the mode. When the Y curve is vertical 
and Bl varies fairly uniformly with v over an appreciable range of v, the 
system can be approximated by a parallel-resonant circuit of effective 
capacity C = \{dBL/dv). It is shown in Chap. 8 that, other things 
being equal, the speed of starting should vary inversely with C. As to 
the modes of the magnetron-stabilizer system, it can be deduced from 
Eqs. (10a) and (10?^) that 



where aS is the stabilization factor for the principal mode. It follows 
that if S is not greater than 3, the principal mode should get there 
first. 

Experience has borne out the above line of reasoning in so far as it 
has been found that the extraneous modes give no trouble if the stabiliza¬ 
tion factor S is about 3 or less. It should be pointed out that relation 

M. A. Herlin, "Resonance Theory of the Waveguide Tunable Magnetron," 
RL Report No. 445, Oct. 15, 1943. 

2 W. V. Smith, "Magnetron Tuning and Stabilization," RL Report No. 567, 
July 13, 1944. 



Sec. 16-4] MEANS OF DAMPING THE EXTRANEOUS MODES 


633 


( 11 ) holds only when vui = Pu 2 'f if the resonant frequencies of the mag¬ 
netron and auxiliary cavity are not equal, the ratio is less favorable. 
Consequently if stabilization is the primary consideration, so that S is 
made nearly equal to 3, and the system is tuned by varying only one 
of the components, the useful tuning range is only a small fraction of 
the separation between the modes. The application of the foregoing 
considerations to the wide-range tuning of magnetrons is treated in 
Chap. 14. 

164. Means of Damping the Extraneous Modes. —The third princi¬ 
ple, and the only one so far discovered that enables one to take advantage 
of a high degree of stabilization, consists in introducing an auxiliary 
load into the system in such a way as to damp the extraneous modes 
preferentially. The placement of the auxiliary load represented by the 
resistance R is illustrated in Fig. 

16 6 . Inasmuch as the system is 
now to be analyzed in somewhat 
greater detail, the conductance Cra 
has been added to the equivalent 
circuit. If the external, or useful, 
load is to be connected dlrectl}^ to 
the magnetron as in Case I above, 
ga, the normalized value of Ga, is 
equal to Qm/Qu^j where Qt/a is the 
unloaded Q of the stabilizer cavity. 

(It can be shown that the cases where the external load is connected 
between the terminals a-c or a-h of Fig. 16 6 can be reduced to the same 
equivalent circuit.) 

The effect of adding the resistance R can be interpreted qualitatively 
in the following way. It will be shown that the presence of R has little 
damping effect on the principal mode 5 — 0 and a large effect on the 
extraneous modes. At 5 = 0 the impedance of the stabilizing cavity is 
equal to 1/C 3 —a rather large quantity. Thus the currents into the 
cavity are very small, and negligible power is dissipated in R. On the 
other hand, at the frequencies ± 5' of the extraneous modes, the stabilizer 
has a relatively small impedance, the currents into it are large, and the 
maintenance of either of those modes must entail a relatively large 
dissipation of power in R] consequently those modes are strongly damped. 
From this argument one can conclude that the extraneous modes will 
be discouraged by the introduction of R into the system, but neither 
the stabilization nor the circuit efficiency of the system for the principal 
mode will be impaired appreciably. 

The damping of the extraneous modes can be accomplished by adding 
dissipation to the system in any one of many ways—for instance, by 


Transmisflon line 



Fig. IB'fi.—Stabilizer with damping resiatur. 
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using a transmission line of appreciable attenuation for the connecting 
link between the two resonant systems—but the preferred methods are 
those which have a minimum of influence on the principal mode. When 
the latter consideration is taken into account, one seems to arrive always 
at a circuit substantially equivalent to Fig. 16'6. It is natural to inquire 
whether or not the extraneous modes could be damped by coupling 
them to the useful load, so that an auxiliary load would be unnecessary. 
This possibility has not been overlooked, but there seems to be no satis¬ 
factory way of accomplishing the desired residt. 



1 



Fig. 16-7.— {a,b,c) Q-circles; (a) meaBured at terminals ah ef Fig. 16-6; (f>) at terminaLs ac; 
(c) at oppOwSite ends of transmission line; (rf) Smith nhart. 

Some of the less fortunate consequences of adding the damping 
resistor to the system will now be discussed. In general, the larger the 
value of R the more effective it is for its intended purpose. It also 
happens that as R is made larger, the more restricted becomes the range 
through which the system can be tuned without undue loss of stabilization 
and circuit efficiency. More or less equivalently, the ranges of the 
fluctuations in temperature, load, etc., against which the stabilization 
is effective are similarly reduced. The question of the minimum tolerable 
value of R is thus an important one in the design of stabilizing systems. 

The effect of the damping resistor in suppressing the extraneous 
modes can be partly analyzed by means of the YLiv) or Fi(5) curves for 
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the system. The way in Avhich the various parameters enter into these 
curves can be understood qualitatively by considering the admittance 
curves of isolated parts of the system; inasmuch as a transmission line 
is involved, it is convenient to draw the curves in a reflection-coefficient 
diagram (Smith chart). The Q-circle of the auxiliary cavity, as measured 
at terminals a-b of Fig. 16-6, has the form indicated in Fig. 16*7a. As 
measured between the terminals a-c, it has the form illustrated in Fig. 
16-7b. In both cases, the tangent of the angle tj) varies linearly with the 
frequency. The value of the resistance R is always made less than the 
characteristic impedance of the transmission line, and the primary effect 
of the resistance is seen to be a lowering of the reflection coefficient (t)r 
SWVR) for frequencies far from resonance. 

The Q-curve for this part of the system, as measured at the opposite 
end of the transmission line, is obtained simply by diTuinishing the angle 
^ for each point by twicx the angle 0 given by Eq. (8). When this is 
done, the curve is no longer a perfect circle l)ut has the shape indicated 
in Fig. l()-7c. The behavior of the admittance can be estimated by 
comparing Fig. lG*7c Avith the Smith chart shown in Fig. \ir7d. Since 
the curve now passes completely through the region where the admittance 
varies rapidly with the angle it can be inferred that the admittance 
of the system will contain violent fluctuations. These fluctuations occur 
for 6’s in the neighborhood of the (6")\s given V)y Eq. (9fi) and, of course, 
are directly related to the infinities in the susceptance function illustrated 
in Fig. 10-3, becoming identical with them Avhen li = 0. 

The violence of the fluctuations becomes less as R is made larger 
(assuming always that the value of R is smaller than the characteristic 
impedance of the transmission line), as is (‘vident from the nature of 
the Smith diagram. 

The admittance curve fur the complete system is obtained V)y adding 
to the admittance just discussed the term t/i of Eq. (7), which is the 
admittance of the magnetron proper. Whether or not the final admit¬ 
tance curve Avill contain loops depends upon the values of both Qe\ and R\ 
the ndations are exactly the same as those discussed in connection with 
the mismatched transmission line in Chaj). 7. A numerical example 
of the V ay in Avhich the presence or absence of loops is influenced by the 
value of R> is contained in Fig. 16-8a, and c computed with Qe\ = 20, 
Qe 2 = 37r/2, Qa 3 = 100; the external load is assumed to be coupled directly 
to the magnetron so as to load the magnetron, unstabilized, to a Qz, 
of 100. 

So far, only cases Avhere the resonance frequencies of the magnetron, 
transmission line, and auxiliary cavity are exactly equal have been 
discussed. An increase in vij the resonance frequency of the magnetron, 
results simply in a* doAVnAvard displacement of the curve and vice versa. 
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The shape of the curve is determined entirel 3 ^ the ratio v^/v 2 ] thus the 
curve becomes unsymmetrical when the cavity is tuned or when the 
transmission line is constructed with an incorrect length. These effects 
are perhaps more easily deduced directly from figures such as Fig. 16-7c 
and d than from a verbal explanation. Concrete examples of the changes 
in the curve caused by tuning the cavity are given in Fig. 16-8b, d, and c, 


r = 0.2 r = 0.5 r = 071 



id) ie) if) 

Fig. 10-8. —AdniittancB curves of stalnlizeil magnetron iis iiffected by H] {h,d,e) its 
affected by tuning the cavity; (/) uiistabilized magnetruri. 

where 63 = ( 1/3 — v\)/vi. The point of each curve marked by a circle 
represents the condition 5 = 53 . 

In designing a stabilizer, it is advantageous to make V 2 and equal 
to the normal transmitting frequency of the magnetron rather than equal 
to its ^^cold resonance” frequency vi; in that way the Fl(j/) curve for 
the system is made roughly symmetrical about the operating curve. 

The general problem of selection among the modes that results from 
coupling a second resonant system to that of the magnetron proper is 
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discussed in Chap. 7. Unfortunately, there seems to be no straight¬ 
forward rule that applies to the present case, although one result is 
certain, namely, that the extraneous modes will not be excited if there does 
not exist a corresponding intersection between the YlM curve and the 
operating curve of the magnetron. Thus, from the standpoint of mode 
selection, a YLiv) like that of Fig. 16-8c is desirable, for with such a 
curve, a second intersection is possible only if the operating curve has 
an abnormally great slope. 

On the other hand, from the standpoint of other propei ties of the 
system, it is desirable to make 72 as small as possible. For the case 
represented by Fig. lG-8a through e the circuit efficiency is inversely 
proportional to Gl- If losses in the cavity are taken into account, and 
also if the load is connected across the terminals a-c of Fig. 16T), the 
circuit efficiency is given by a more complicated expression but the behav¬ 
ior is qualitatively the same. Figure 16*8ci, b, and c illustrates that 
when R is large, the circaiit efficiency falls off more rapidly with departures 
from normal conditions. It can also be judged from a comparison of the 
figures that the range of conditions—load, temperature, current, etc.— 
in which the stabilization is fully effective is reduced materially by values 
of 72 great enough to suppress the loops completely. 

If these latter considerations are vital, it becomes worth while to 
find out whether or not loops in the Yl curve can be tolerated, and this 
question will have to be settled by cut-and-try methods; otherwise the 
safe thing to do is to make 72 large enough to suppress the loops. It can 
be shown that the required value, normalized, is given approximately 
by the expression 



(This expression holds more exactly when the useful load is coupled 
directly to the magindron and Avhen the losses in the auxiliary cavity 
are negligible.) The presence or absence of loops can be checked by 
computing the curve or by making cold-test measurements. If the 
magnetron has a second output lead, the Q-curve observed looking into 
this lead Avill reproduce the Yjj curve of the system. 

Perhaps it should not be surprising that the practical problem of mode 
selection should involve a good deal of empiricism. The argument given 
in Chap. 7 indicates that the true normal modes of the system—espe¬ 
cially Avhen the electronic admittance is taken into account—have a 
somewhat complicated relation to the Y{v) curve. (It Avould be some¬ 
what of a chore to investigate the normal modes in the present case, for 
the presence of three modes entails a cubic equation. Furthermore, in a 
quantitative treatment the electronic susceptance would have to be taken 
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into account, since changes in the susceptance alone can determine 
Avhether a particular normal mode is positively or negatively damped.) 
It seems likely that the pulse shape may have some influence, but it 
has not been studied enough in connection with stabilized magnetrons to 
warrant any conclusions. 

In the case of pulsed magnetrons, it is important to inquire whether 
or not stabilization will greatly increase the tendency of the magnetron 
to misfire. It is indicated in Chap. 8 that misfiring results from too 
slow a buildup of oscillations, relative to the rate of increase of the applied 
voltage. In so far as stabilization increases the effective capacity of the 

resonant system, it perhaps might be 
expected that the rate of buildup should 
be proportional to \/S and that a high 
degree of stabilization would increase the 
tendency toward misfiring unless the rate 
of rise of the applied voltage were reduced 
l)y the factor 1/aS. That this is not 
necessarily true is proved by the results of 
Microseconds some experiments which were concerned^ 

16-9. Buildup of oacilla- with the problem of producing very high 
tiona in a lO-cm inagnetron-ytabi- . / , , ' r> o 

lizcr system. *5 « GO. clcctric fields witlun a resonant cavity by 

exciting it with a pulsed magnetron. The 
method of coupling employed can be represented by the equivalent circuit 
of Fig. 16-6 with roughly the following ctmstants: 

Qei — 100, Qe2 — 20, Qe3 — 16,000, — = Qus/Qe^ = 1, 




The system can be considered to be a magnetron stabilized by a factor 
S of about 60. The terms involving are not negligible in this case, 
and the stabilization factor is given approximately by 


= 1 + 


(1 + rg,r Qei 


The modulator employed to drive the magnetron was of the high- 
impedance type, and no particular effort was made to reduce the rate-of- 
rise of its output voltage; thus, according to the argument gh^en in the 
preceding paragraph, conditions were favorable for the magnetron to 
misfire. Nevertheless, no abnormally great tendency of this sort was 
observed. Observations were made which, in terms of Fig. 16-6, AVere 
equivalent to measuring the a-c voltage at terminals AA and at terminals 


^ J. Halpern, A. K. Whitforrl, and E. Everhart; Research Group of Eleetrnnic.s, 
MaBsaehuaclts Tn.stitute of Terhnology, private eoniiiiunieation. 
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ab. The types of r-f pulses observed are indicated schematically in Fig. 
16 9. Evidently oscillations build up within the magnetron itself at 
something like the normal rate, while the amplitude builds up within the 
cavity at a rate that is roughly consistent with its Q.. That this can 
happen is due essentially to the buffering action of the resistance R. (The 
fallacy in the argument that introduced this discussion lies in not con¬ 
sidering the properties of the system throughout a range of frequencies 
great enough to encompass the bandwidth of the transient.) 

16-6. The Design of Stabilizing Circuits.—Primary emphasis will be 
given to systems that use a transmission line to couple the auxiliary cavity 
to the magnetron because the construction of built-in stabilizers for large 
stabilization factors has not progressed beyond the experimental stage. 
The coupling of the transmission line to the magnetron is treated else¬ 
where in this volume and will be taken for granted here. The problem 
then is reduced to approximating as closely as possible the equivalent 
circuit of Fig. 16-6 and becomes largely an exercise in microwave plumb¬ 
ing. It is feasible here merely to indicate some of the structures that 
have been found to be practicable. 

An iris has usually been used to couple the transmission line to the 
cavity. The coupling results from the interaction of magnetic fields 
across the iris; and since fairly tight coupling is required, the iris is cut 
into a region of the cavity where the magnetic field is large. The cutaway 
in Fig. 16'14 illustrates this type of coui)ling to a coaxial line. A cavity 
similarly coupled to the broad side of a rectangular waveguide has 
similar electrical properties: 44ic cavity acts as a parallel-resonant circuit 
in series with one side of the transmission line at the location of the iris. 

A complete system, employing coaxial line, is illustrated schematically 
in Fig. 16-10a. If the useful load is to be coupled directly to the mag¬ 
netron, the T-junction is omitti^d. h]xcept for the half-wavelength of 
transmission line between the 7"-iunction and the cavity and for the 
imperfections of the X/4 transformers—neither of which are actually 
of great importance—this arrangement is a good realization of the 
required circuit. A complete system employing rectangular guide is 
illustrated schematically in Fig. 1G106. Because of the fact that an 
E-plane junction is used, the distances of cavity to junction and of 
junction to magnetron differ by a quarter wavelength from the coaxial 
cases; if an //-plane junction is used, these distances are the same as for 
the coaxial case. 

It must be em^ihasized that in the large-scale application of stabilizing 
cavities a most important consideration is the control of the electrical 
distance between the magnetron and the stabilizing cavity. This 
distance appears as a length I in the equivalent circuits and the equations. 
Actually it has to be measured from the reference plane T introduced 
in Fig. 7-5; this plane has no simple relation to the mechanical features 
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of the magnetron, but it can be determined by cold-impedance measure¬ 
ments. The location of the plane of reference varies from one magnetron 
to another because of inequalities in the construction and installation 
of the output leads. The permissible tolerance in the placement of the 
stabilizing cavity is of the order of 0.0IX—very much less than the 




Fiq. 16-10.—(a) Complete stabilizing system employing coaxial line; (b) coiiiplete 
stabilizing system employing rectangular guide. 

uncertainty in the plane of reference for practically all commercial 
magnetrons. 

In the case of the 2J59 magnetron (Fig. 16-11) the difficulty is solved 
by controlling the output lead of the magnetron—the manufacturer 
tests the leads in advance and uses only those which have the proper 
“electrical length.“ In the stabilizer designed for the 2J48 magnetron'-^ 

* W. M. Preston and J. B. Platt, RL Group Report No. 473. 

* W. M. Preston, RL Group—5/31/44 Report No. 71, May 31, 1944. 
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(Fig. 1612) the distance is made adjustable by incorporating a sliding 
T-junction into the stabilizer. In the 2J41 magnetron (Fig. 1613)' 
a tuning screw is placed in the transmission line in such a way as to allow 



Fig. 16-11.—Type 2J59 magnetron and stabilizing cavity. 



} 


Fio. 1612.—T^’^pe 2J4B magnetron with stabilizing cavity, 
some degree of correction; in this case the magnetron and stabilizer are 
permanently assembled and adjusted at the factory. 

Electrical breakdown within the cavity is a second important con¬ 
sideration. By using the rule that the external Q of a system is equal to 
' M. A. Herlin, Group Report 52—6/10/45. 
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['2nrv (energy stored)]/poAvpr, one ran derive for a rectangular cavity the 
relation 


QXP _ ^oc 
EH ~ 2 


(MKS units), 


where E is the electric field and v the volume of thi* cavity. l'\prcss(al 
in the units X cm, E volts/cm, v cm^, P watts, the relation is 


^ = 2.1 X 10-^. 

EH 

The relation will give the order of magnitude of the volume reijuiied in 
cavities of other simple shapes. The above relation yields, for the condi- 


POLYIRON 5U5EPTANCE 
BALANCING PLUG 



TRANSFORMER 

Fin. 1(3 1.3.- Type 2J41 slahilizerl iiiUKri i‘( i rm 


tions Q = 500, E = 30,000, X = 10, P = 50,000, a lequired volume of 
132 cm’’, and experience shows that this is too small by a factor of about 
4. Of course, care must be taken wdth the tuning mechanism; or because^ 
of localized intense fields, it will greatly reduce the power-handling 
capability of the system. 

Ordinarily a stabilizer must be designed for a given tuning range and 
degree of stabilization. The tuning range throughout which the effi¬ 
ciency and stabilization will not fall below something like 75 per cent 
of their maximum values will amount to about oni^-third of the value of 












Seu. 16 5] THE DESIGN OF STABILIZING CIRCUITS 

b" given by Eq. (9c/); that is, 


643 


Tuning range « \{Qk 2 Qk^)~'- 

or 

Tuning range ~ i[(*S — 1 

(To compute the tTining range accurately, one woulrl have to take into 
account many of the details of the circuit.) (Icnerally it will be found 
that till' tuning range is all too small, and oni' will make Qk 2 as small as 
is practicable by shortening the transmission line, but this possibility is 
soon exhausted. To increase the tuning range further, Qev must be made 
smallei’; that is, the magnetron must be more tightly coupled to the 
transmission liiit‘. 41iis will require a special magnetron with an abnor¬ 
mally large pulling figure. 

When a special magnetron is required, it would seem sensible to have 
one constructed with two output leads—one normally coux)led lead for 
the useful load and one tightly coupled lead for the stabilizer. In that 
way the T-junction can be eliminated and the line made shorter. The 
plumbing problem is considerably simiilified also, and the system is 
made generally neater. An exx^erimental c-w magnetron stabilized 
in this way is shown in Fig. 1()*14; this combination was constructed by 
attaching a stalnlizer to the “tuning lead^^ of the magnetron illustrated 
in Fig. 14-12. With jjulsed magnetrons, however, one has to consider 
the circumstance that the voltages developed in the transmission line 
will increase with the cou])ling. 

When the stal)ilized magnetron is reipured to run at a preassigned 
frequency, the stalnlizer can be used with a fixed-tuinni magnetron 
Ijrovided the combination has a great enough tuning range to comxiensate 
for the scatter that is unavoidabh' in manufiicture as well as for aging 
effects in the magnetron and for the fluctuations in operating conditions. 
A higher degree of stabilization is feasible, however, if the magnetron 
itself is tunable, so that tuning range of the stabilized combination can 
be sacrificed in the interest of a higher stabilization factor. By taking 
advantage of this possibility, it has been possible to attain a stabilization 
factor of aljout 10 in the combinations shown in Figs. 16T1 and 1613; 
these magnetrons were designed for use in beacon transmitters and 
therefore must operate at an assigned frequency. 

Built-in Stabilizers .—A moderate degree of stabilization has been 
built into two commercial magnetrons in order to improve the efficiency 
at the pulling figure required of them in their applications. The stabili¬ 
zation fact or aS is less than 3, so no damihng resistor is required. The 
cavities are incorporated into the output leads of the magnetrons. 

When the auxiliary cavity is essentially tangent to the magnetron, 
so that the coupling can be effected by simply an iris, with no trans- 
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mission line, it is possible to secure very tight coupling and wide mode 
separations. Thus the essential requirements of a Avide tuning range can 
be met. However, no entirely satisfactory way of introducing the 



plunger 



damping resistor has been discovered, so the potential benefits to be 
derived from the close coupling have not been realized in a tube with a 
high stabilization factor. Experimental tubes were constructed with a 
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circuit similar to that used in the tunable magnetrons described in 
Chap. 14, except that the constants of the system were chosen for high 
stabilization. An equivalent circuit that is closely related to the physical 
structure is that shown in Fig. 16-15a; this circuit has the same properties 
as that of Fig. 16-2b as far as the admittance at the terminals A is con¬ 
cerned. In the circuit of Fig. 16-15a the damping resistor must be 


A 

A 



( 6 ) 

Fig. 16-15.— (a) Equivalent eircuit of cavity and magnetron coupled by an iris; (b) iris with 

damping resistor. 

shunted across the parallel-resonant circuit, which corresponds to the 
gap in the iris. 

In the experimental magnetrons, the gap of the iris was loaded hy 
connecting a coaxial line across it, as is illustrated by a sectional view in 
Fig. 1615l>. The coaxial line passes through a vacuum seal as in a coaxial 
output lead, so the power-dissipating element can be placed outside 
the vacuum envelope. For the damping resistor to fulfill its function, 
it is, of course, necessary that it have the proper value and also that it 
be ''broadband’'; otherwise it ivill introduce extra resonances into the 
system. It appears that it is rather difficult to satisfy this condition. 







PART V 


PRACTICE 


It hais btieii the experience of thc^ Radiation IjaVxjratury that one of 
the major tasks in producing a satisfactory magnetron design is the 
elimination of minor undesirable charactt^ristics. Every new design 
involved the construction of a large number of good experimental tubes 
and a thorough testing of them. In the process, a large amount of 
practical knowledge was acquired and (^haps. 17 to 19 contain the part 
of this “know hov “ that will be helpful to those confronted with the 
jiroblem of constructing a workable magnetron. 

The construction of experimental magnetrons free of imperfections 
that would int('rf(‘r(' with the interpretation of experimental data is a 
major prol)lem, and those who are unfamiliar Avith this practice may find 
it difficult to understand the importance given to it here. The technitpies 
and processes dt'scribed in Chap. 17 have been chosen not only for their 
|)artic\djir importance in the construction of magnetrons but for their 
broader applicatiojis as well. 

Rarely, if (‘ver, do(\s the first experimental model of a proposed 
magnetron meet all the laMpiirements contemplated, and data must be 
taken on th(' fiist ex])('rim(mtal tub(‘ to determine the modifications to 
be uicorporatcfl in the iii'xt attempt. Two kinds of data may be taken: 
tin; so-called “cold n*sonance'’ measiireiinuits, made on the anode block 
and output circuit of a nonoscillating tidje, and the measurements on 
the operating magnetron. Tlie first kind, Avhich is discussed in the first 
part of Cliap. IS, is useful in that it isolates the r-f circuit problems from 
tlu' ovcu’-all operating characteristics ol)tained from the oscillating 
magrudron and thus facilitates the interpretation of all the data. The 
second part of Chap. 18 explains the techniipie of taking operating data 
and gives instructions for operating both pulsed anti c-av magnetrons. 

Chapter 19, “Typical Magnetrons,“ is a record of practical accom¬ 
plishments of the many laboratories that Avere involAunl in the develop¬ 
ment of mita’OAAiiA'e magnetrons. Essential dimensions and operating 
characteristics for representative magnetrons of proved design are giA^eii. 




CHAPTER 17 


CONSTRUCTION 

By J. R. Fet.dmeieu 

Wiiitirne it'seiirch has |j;reatly advanced the art of fabricating elec¬ 
tronic tub(\s tliat do not depend on glass envelopes for their vacuum. 
Most of this ad\’aiice resulted from klystron and magnetron construction, 
in which it has been necessary’' to build high-Q resonant cavities into the 
vacuum chamber. In the cast' t)f the magnetron, the necessity for work¬ 
ing coi)per into intricate shapes to form several parallel-resonant cavities 
about a cylindrical anode has resulted in technifpies that will be of use 
in the construction of a great number of other devices. In addition to 
recording these new techniques this chapter will give information by 
dtdail or reference on all steps of magnetron construction, so that an 
experimenter new to the field of microwave magnetrons Avill be able to 
build tubes. 

To those not alread^^ ataiuainted with tube making, a word of caution 
is in order. To construct a successful hermetically sealed electron tube 
is not easy. To build experimental tubes at the rate of only one per Aveek 
requires the use of a laboratory having equipment readily available to 
perform every operation. The number of individual operations that 
go into the construction of a typical magnetron is surprisingly large, 
usually amounting to about 150. Most of these operations are on 
component parts that can be readily inspected and errors corrected, but 
there are about 25 operations of a very critical nature that will lead to a 
bad tube unless great care is exercised and defects are detected early. 
Thus care, inspection, and cleanliness cannot be overemphasized. AVith 
these facts in mind and from the point of view of the experimenter rather 
than the manufacturer, the material of this chapter Avas selected. 

It should be emphasized also that this chapter will not be an exhaus¬ 
tive treatment of tube construction but in most cases aa ill give examples 
of typical procedure that the experimenter aa^II Avant to modify. It is 
hoped that the descriptions Avill suggest modifications appropriate to the 
special problems. 

17-1. Fabrication of Anode Blocks.—The anode block includes the 
resonant system and therefore not only must be a collector capable of 
poAver dissipation but must have a high unloaded Q; thus a material 
of high conductivity is required. Copper has been used for the block 
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material for all present microwave magnetrons (although some effort 
has gone into the development of tantalum and tungsten blocks to 
reduce the change in magnetron frequency with temperature at some 
sacrifice of unloaded Q). With the exception of the technique used by 
RCA in making the 2J41 (see Chap. 19), the copper is also used to form 
the vacuum seal. To satisfy these requirements of high-Q and good 
vacuum qualities, OFHC (oxygen-free high conductivity) copper has 
generally been used. Selenium copper has also been successfully 
employed here and in England. The advantage of selenium copper over 
OFHC lies in its superior machining qualities, but the reliability of its 
vacuum qualities has been questioned. 

The methods of fabrication that have been used for magnetrim blocks 
are summarized in Table 17-1 along with examples that are described in 
Chap. 19. 


Table 17 1.—FABmcATinx Methods fdii Anode Blocks 
Mcthurls uf fahrifsitiiiii Kxainplcs 

MafhiniiiK. 10 725A 

Lamination.. Haytbooii 2J30-34 

Jig ii-sscmbly . 2J42, RL HRIOV 

Hobbing. 3,131 

Vacuum casting. Machlctt HPIOV' 

Sintering. Special BMSO anorlcs 

Machining .—For making experimental blocks in the 10- and l^-cm 


waA^elength bands, the precision boring, slotting, broaching, milling, 
or turning of copper is quite successful;^ and although difficult, tubes at 
the 1.25-cm band have been made by precision machining methods. 
For making a few experimental tubes, there is little choice between 
this method and jig assembly, a process of fabrication that will be 
described in detail. 

Lamination .—The lamination method consists of punching disks 
from thin sheets of copper, stacking them with alternate pieces of soldei- 
foil similarly punched, and passing the assemlded stack through a brazing 
furnace to form an anode block. The method has been used successfully 
for 10-cm magnetrons, but the mechanical irregularities existing among 
the brazed laminated parts become serious at shorter wavelengths. This 
method is suitable for large-scale production. 

Jig Assembly .—The jig assembly method employs precision brazing 
to form blocks by holding component anode-block parts in a fixture 
that can be removed after the parts are joined. It has proved to be one 
of the most effective methods of block fabrication and accordingly 
will be described here in detail by following the procedure used in con- 

' E. Oberg and V. D. Jones, MachinisVs Handbook^ Industrial Press, New York, 
1945. 
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Kiu. 17-1.—Vane-punrhing tools. 

Htnictinp; a .s])ec*ific anode block, namely, the 2,J42, a 3-cm pulsed mag¬ 
netron (se(‘ Chap. 10). 

The fiiht step in the construc¬ 
tion of the 2J42 block is the 


preparation of the vane and strap¬ 
ping-ring stock, aecom])lished by 
rolling OniC copper strips to a 
thickness of 0.020 ± 0.0005 in. 



From this material the block 


vanes and rings are punched with \ 

the aid of the tools* sho\>n in Figs. . 

17-1 to 17-4. The cutting tools 
are made from Halcomb's Ketos“ 
tool steel hardened to a llockAvell 




C of about 63 and supported in ^ 

cold-rolled steel holders. In 

machining the vane punch shown 2.-A.ssc.mbl.v nf viinp-punrhing tool, 

in Figs. 17-1 and 17-2, tlic strap grooves are milled to size, but the outside 
surfaees of the tool are left 1 or 2 mils oversize to permit grinding to 


‘ For (Irtailnd infonnntioii see F. A. Stanley, Punches and Dies, Mi’Graw-Hill, 
New York, 1943; V. W. Hiiiman, Die Engineering Layouts and Formulasj MrCraw- 
Hill, New York, 1943. 

* Obtainable from Haleoiiib Steel Divihinii, Crueible Steel Co. of America, Syra¬ 
cuse, N.Y. 
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size after the hardening heat treatment. By so doing, some dimensional 
distortions can be eliminated which are unavoidably introduced during 
the hardening process. The vane die is milled in two halves; and after 
hardening, the halves are mounted together in the cold-rolled steel 
support to form the completed die. To prevent severe rounding of the 


Outer 

circumference die Inner 



Firj. 17-3 


—Ring-punching tnols. 



Stock guide 


corners of the punched parts, it may be necessary to use a pressure pad. 
This is a tool similar to the punch mountc^d on rubber or springs beneath 
the die, so that the copper is always pushed against some backing. In 
the case of the die in Figs, 17T and 17-2 the depth of the die tool is great 
enough to store several vanes which act as a pressure pad. For larger 
vanes a pressure pad would probably be necessary. The tools for- 

punching the rings are shown in 
Figs. 17-3 and 17-4. A pi'essure 
pad is necessary in this case. The 
small pipe on the stock guide is 
for admitting compressi'd air to 
eject the finished r ings. 

A copper shell (Fig. 17-5) is 
needtal to form the complete anode 
block; the one shown was turned 
from round copper stock. The 
part of the shell that is to be 
joined to the vanes is reamed to 
within 0.0005 in. of the specified 
dimension. All block parts are 
deburrcd to obtain proper fitting in the jig, and this can be done by using 
a scraping tool on individual pieces; or if one has a very large number of 
parts, they can be successfully deburred by rolling them in a bottle on a 
ball mill. 

The jig for assembling these component parts is made from low-sulfur 
content stainless steel designated by Industrial No. 18-8 and Type No. 
302, 304, or 308, which, when oxidized, will not be wet by the brazing 
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material. Because the jig must hold in intimate contact the component 
parts to be soldered, they must be machined to a high degree of accuracy. 
For a block the size of the 2J42, the tolerance situation is eased somewhat 
by the fact that the small copper parts can be squeezed into contact 
without a disturbing amount of distortion. A complication arises from 
the fact that stainless steel ‘^grows'' slightly upon initial heating. 
As a result, the practice has been to machine the parts to very close 



M 

Vane 



Assembly jig 


r 

Vane holder 


9 

Clamping 

nut 


I’lU. 17-5.—12.142 aiioili‘-blDf‘k parks, a.s.sL^iiibly jig, and iini.slmd anodu^ block. 

tolerances and then make trial-aiid-error corrections in the jig by observ¬ 
ing its brazing accuracy. 

The anode block parts are assembled in the following manner: 

1. The stripping ring is placed on the jig body. 

2. The rings with ‘'strap breaks’" are placed in grooves in the jig 
body (nut shown in Fig. 17-5). This lower set of rings has strap 
breaks that are brought to their proper places by pins in the strap 
grooves. 

3. The center pin is placed in the jig body. 

4. The Agarics are assembled into the jig slots and into the lower rings. 

5. The guide ring is slipped over the vanes to force them against the 
center pin. 

6. The top rings are placed in the vane grooves. 

7. The shell is pushed over the assembled vanes, forcing the guide 
ring down and out of the way. 
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8. The vane holder is dropped over the center pin. 

9. The clamping nut is placed on the center pin and screwed into 
place, thus holding the assembled structure together ready for 
brazing (see Sec. 17-3). 

After brazing the anode block is removed by 

1. RemoA ing the clamping nut and vane holder. 

2. Forcing the block off the jig by putting a stripper through holes 
in the bottom of the jig body and pushing against the stripping 
ring. 

It is necessary to keep the center pin smooth and free from the vslightest 
burr so that the vanes aie not distorted while being remoA^ed from the 

jig- 

Some 2J42 blocks liaA^e been made AAuth a modified jig that is simpler 
in some respects. The simplification is introduced by broaching slots 
(0.020 in. deep) into the anode shell; these slots are used to hold and 
position the vanes during brazing, thus remoA’ing the necessity for the 
accuracy in holding and positioning the A anes that must otherwise b(‘ 
built into the jig. ''riii.s broaching operation saA es considerable time* 
when done with a tool that l)roaches all 12 slots simultaneously. 

For 3-cm wavelength tubes in which the vanes are about 0.020 in. 
thick, punching is quite satisfactory. For greater thii^kness, as for lO-cm 
wavelength tubes, punching may nut be practi('al, but one can mill the 
A^anes from stock material. The HPIOV magnetron (see Chap. 19) 
is made by this method. 

With OFHC copper, a ratio of A^ane thickness to length of 0.08 
approximates a lower limit for jig-assembled tubes. With the mechani¬ 
cally stronger metal, Chase alloy No. 58, thinner A^anes can be assembled, 
reaching a corresponding ratio of about 0.05. At room tem])erature 
the electrical conductivity of Chase alloy No. 58 is about half that of 
OFHC copper. At 200°C, however, the conductiAuties are etpial; 
and hence if the vanes are at this temperature during operation, tlu* 
unloaded Q will be unaffected by the use of this alloy. 

In the cases Avhere it is necessary to taper the ends of the van(\s, as 
in the BM50 and 2J41 (see Chap. 19), the jig assembly method has a 
distinct advantage over other methods of construction. 

Hohbing .—Hobbing is the process of driving a hardened tool (the 
hob) into a block of metal to produce a desired configuration. In 
magnetron Construction the hob can be so formed that upon the removal 
of the tool one has a completed copper anode block, except for facing 
off the ends and for the straps, if they are included in the design. The 
hobbing method is particularly useful in the construction of small anode 
blocks and especially advantageous in designs Avithout strapping, like 
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risinp;-Miii bloi'ks. Il()l)biiip; is also adaptable to making other tube parts 
that have inside shapes A>hieh eannot be readily maehined, sneh as 
the tapt'ied set*!ions of waveguide outputs. 

Figure 17-0 shows a typieal set of bobbing tools. The hob, bottom 
plate, driver, shell, and removal tool are all made of tool steel hardened 
to a lloekwell V of 58 to 00. Among the Carpenter matched tool steels,^ 
Hampden oil-hard(uii‘d steel has ])roved satisfactory. The shell shoNMi 
in Fig. 17 0 is 8-in. OD. It is made in two parts in order to ease the 
hardening problem associated with pieces of such large volume and to 



Fill. 17 0- HoVibinc tools. 

gi\ e ladial stn'iigth to the toed For smtdler tools the outer I'old-rolled 
stiH‘1 sill 11 is not necessary. 

The bobbing iirocess is jic'rloriiU'd in the follo>Ning manner: 

1. The bolt 0111 plate is placed in the shell. 

2. A cojiper cylinder is placed in thi' shidl and rests im the bottom 
])lat(‘. 

8. The hob is placed in the driver. 

4. The combined hob and dri\ er are inverted from the position shown 
in Fig. 17 t) and are jilaced in the shell, the hob resting on the 
cojiiK'i- cylinder. 

5. The parts thus assembled are placed in a press between hardened 
steel ])lates, and the hob driven into the eojiiier cylinder. 

A press made by the A\ atsoii-Stillman C'omjiany of Roselle, N.J., can 
deliver a force up to 100 tons and has been satisfactory for this job. The 
best speed for bobbing has not bc'en studied thoroughly. At the 
Columbia University Radiation Laboratory, the jiractice has been to 
hob by a slow, even succession of thrusts. It is a common practice to 
use castor oil as a lubricant to help reduce the forces required. Aquadag 
^ Frank U. Palnipr, Fnt)! ASttd Etviplifudj CarpeiitiT Sled Co., Reading, Pa. 1937; 
CarpLTLitr Mntchfd Tool Etui Manital, Carpenter Steel Co., Reading, Pa., 1944. 
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would probably be effective, but it has been found difficult to cover all 
portions of an anode-block hob with it. The bobbing force on large 
blocks can be reduced considerably by boring a hole through the center 
of the steel bottom plate, thus providing space for the displaced copper. 
The hole should be about 0.010 in. smaller in diameter than the anode- 
block diameter to prevent the thin copper vanes from dragging down. 
Chromium plating the hobs will further reduce the force necessary 
for driving the tool into the copper, but this technique is not applicable 
to anode-block hobs, as it is difficult to get the plate to cover the intri¬ 
cately shaped tool evenly. Waveguide hobs, how^ever, are usually 
chromium plated. Considerable saving in hobbing force can be had if 
the copper slug is held at an elevated temperature; this process, called 
''hot hobbing,'' keeps the copper annealed throughout the hobbing 
operation. There does not seem to be much advantage in merely 
annealing the copper previous to the hobbing thrust, probably because' 
the copper w^ork hardens with but small penetration of the hob. The 
best temperature for hot hobbing has not been thoroughly investigated, 
but it probably is close to 550°C. This temperature is a balance between 
softening of the cylinder copper and softening of the hob-tool steel. 
At these temperatures Hampden steel wdll not stand up, so it is nec(*ssary 


Tabck 17-2. —Anode-block HoHnixt; Data 


No. of 

vanes 

I 

AriofJe 
diaiTi nter, 
ill. 

dSj* in. 

1 

dfj* in. 

1 

Thiekness 
of Cu fin, 
in. 

^ Depth of 
hobhiiiK. 
in. 

'J'utal 

forne 

rrquireil, 

11) 

18 

0.413 

0.752 

0.984 

0.0430 

0.800 

120 X 10 

18 

0.170 

0.312 

0.502 

0.0170 

0.530 

37 

18 

0.162 

0.291 

0.410 

0.0150 

0.375 

39 

18 

0.148 

0.286 


0.0100 

0.250 

20 

18 

0.093 

0.168 

0.227 

0.0100 

0.187 

8 

26 

0.210 

0.327 

0.478 

0.0133 

0.375 

30 

26 

0.158 

0.236 

0.396 

0.0100 

0.275 

27 

26 

0.137 

0.220 

0.340 

0.0090 

0.275 

27 

26 

0.138 

0.274 


0.0080 


3 

38 

0.337 

0.490 

0.645 

0.0170 

0.625 

35 

38 

0.339 

0.479 

0.726 

0.0140 

0.450 

15 

38 

0.097 ' 

0.122 

0.170 

0.0040 

0.125 

4 

38 

0.093 

0.133 

0.145 

0.0040 

0.125 

2 

50 

0.140 

0.162 

0.222 

0.0040 

0.125 

4 


* See Chap. 19. 
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to use a steel like Carpenter's Star Zenith/ hardened to a Rockwell C 
of about 59. In making this change one must tolerate hardening 
distortion in the hob. For hot bobbing, the temperature of the bobbing 
assembly can be conveniently controlled by r-f induction heating. 
It has been found that finer structures can be formed successfully if hot 
bobbing is employed. 

The many conflicting factors make it extremely difficult to calculate 
the force necessary for hol)bing. For this reason Tables 17 2 and 17-.3 
are givcn^ to convey an idea of the magnitude of the required forces. 
In Table 17-2, the 18-vane blocks, the first three 26-vane blocks, and 
the first 38-vane block were cold bobbed. All others were hot bobbed, 
and the decrease in total force required to hob these blocks is apparent. 


Table 17-3.— Waveguide-output Hobbing Data 


Width of 
waveguide, in. 

I Height of 

waveguide, in. 

Depth of 
hobbing, in. 

1 Total force 

required, lb 

1.125 

0.500 

1 

155 X 10' 

0.000 

0.400 

21 

100 

0.420 

0.170 

n 

24 

0.112 

1 0.050 ! 

1 1 

A 

; 4 


The first and second 38-vanc blocks indicate' a lower limit on cold hobbing, 
because the second 38-vane block could not be successfully cold bobbed. 
The difference in hobbing force between the third and fourth 38-vane 
blocks is attributed to the quality of the surface on the hob. The fourth 
38-vane block was made with a hob having a smoother surface, since 
this hob was made by grinding a hardened piece of steel rather than by 
milling and then hardening. (See later discussion on making the hob.) 

After the hob has been driven into the copper cylinder, the copper is 
separated from the hobbing tools. To do this, the removal tool shown in 
Fig. 17 6 is placed under the shell. The press is used to drive the copper 
and hob through the shell until it drops into the central space of the 
removal tool. If a hole has been made in the bottom plate to reduce the 
required hobbing force, it will be necessary to drill out the copper pushed 
into this hole in order to separate the bottom plate from the copper slug. 
The combined copper and hob are now free from the hobbing tools and 
ready for separation. 

The copper and hob are separated by the use of the stripping tools 
shown in Fig. 17-7, arranged as in Fig. 17'8. By placing this arrange¬ 
ment in the press and pushing on the cylinder Z), the hob is pulled out 
of the copper by a force that is always parallel to the force originally 

1 Ihid. 

“ Data, from S. Soiikiii, Columbia University Radiation Laboratory, New York. 
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used to drive the hob. In stripping, the most important precaution 
is to use care in making the initial contact of the press-driving piston 
with the stripping cylinder D, as too sudden contact may break the hob 
off in the copper. 



(yi) i«) yO) 

I’lii. 17-7.- kStripijin*!; tfiuKs. 


After the cepper slug has been stripped from the liol), it is slippi'il 
on a mandrel \>'hich makes a tight fit in the block holt‘, and the lo\vt‘r 
end of the slug is turned off to within a few mils of the farthest penetration 

of the hob, and the anode-block OD 
turned to size. The block is then re¬ 
moved from the mandrel and placed in a 
wheel chuck, and the remainthu’ of the 
cutting is done to arrive at the dt\sir(Ml 
block h('ight. During these machining 
operations, if the vanes are too thin to 
support the slug on the mandrel or to 
resist bending during cutting, a filler must 
be used that can be leached out after the 
machining is finished. Lucite is satis¬ 
factory for this purpose. It can be put 
in the copper slug in powdered form and 
solidified under slight pressure at I50°C’. 
It can then be leaidied out with chloroform and leaves no harmful 
residue. 

The hob itself is the most critical of the bobbing tools, and additional 
information on its construction will be helpful. Figure 17-9 shows the 
stages of construction of a milled hob used in making 3J31 anode blocks. 



Fiq. 17-8.- 


“As.sembly 

tools. 


of strip pi UK 






^tA' 17 1 ] 
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(351) 


Tart A is turned from Halromb\s Ketos steel. The end of the cylindcM- 
to be slotted is left a few mils oversize, so that it can loe p:round to size 
after hardening to remove some of the distortion introdiieed by the 
hardenin;? jnoeess. The threaded i)ortion is for use in the stripping 
process. The threaded end must be faet'd off p(‘rpeiidit*ular to the 
cylinder axis because the hob is driven by piishiiiK against this surface. 
Part B shows the hob after milling and hardening. “Climb milling“ 


I'll’. 




(b) 



ic) 


0 in. 


1 


2 


3 


17-H. - SliiKi»s ill till' fun.sti’urlioii of an aiiotle-blopk hob. {Courfpsy of (folumhia 
[ nivcniity Radiation Laboratory.) 


in which the cutting part of the milling saw moves in the same direi-tioii 
as tlu* table is used. Table 17-4^ is given as a guide to the proper 
cutting spi'cd. 


TaIII.F. 17-4.- IVIlLLINC, SrKKDS 


Slot will til, 
ill. 

Ciittur liiiiiiiDtcr, 
ill. 

Cutter speed, 
rpin 

Feed speed, 
in./mill 

O.OOiO.OOt) 

1.75 

250 

0.020 

0.013-0 . OH) 

1.75 

220 

0.070 

0.035-0.040 

3.00 

175 

0.000 


For the small slot Avidths, it has often been necessary to improve 
the concentricity of milling saws over the accuracy supplied by the 
manufacturer by regrinding and resharpening the saAvs. After these 
milling operations are performed, the hob is hardened to a RockAvell C 
^ Diita from S. Sonkiii. 
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of about 58. After the hob is hardened, the centering pin is ground off 
and the hob OD is ground to the proper size. Other surfaces of the hob 
may be polished to help reduce the required bobbing force. For tube 
vanes under 0.012 in. thick, polished surfaces are particularly important 
to avoid dragging down the copper vanes during hobbing. The finished 
hob is labeled C. 


A set of anode-block hobs and some corresponding blocks are shown 
in Fig. 17 10. Note hoAV the vanes of the third and fourth largest blocks 



Fig. 17-10.—Set of anode-block hobs and anode blocks. (Co^irteay of Columbia Univeraity 

Radiation Laboratory.) 


have dragged down as compared with the largest block, '^llie dragging 
in these blocks is a result of annealing the copper before hobbing (as 
previously stated, the advantage of annealing before hobbing is ques¬ 
tionable). No dragging is evident in the second largest block, because 
it has been faced off after hobbing. 

Figure 17-11 is given to show hobs used for making waveguide 
outputs for 3- and 1.25-cm wavelength bands. The chamfers improve 
the breakdown strength of the outputs. The rectangular block on the 
3-cm-wavelength chamfer cutter guides the cutter with respect to the 
rectangular cavity. The relative advantages of blunt hobs as compared 
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with tapered hobs is not definitely known, but larger hobs are usually 
tapered to reduce the hobbing force. Waveguide hobs differ from 
anode-block hobs in that they are hardened to a Rockwell C of about 65 
and are usually chromium plated. 

Instead of milling the hobs it is possible to grind a hardened cylinder 
to the desired size and shape. The advantages of ground hobs are no 
trouble from distortion introduced by hardening; a more uniformly 



6 in. 1 2 ‘ 3 .”4 5 “ 6 


FiUi 1711.—Wiivpgiiide-output parts and assouiatcd tools. {Vvm'ti-.ay of Columbia Uiii- 

versity Radiation Laboratory.) 

hardened tool, because a solid cylinder is hardened rather than an 
intricately shaped tool like an anode block; and smoother surfaces and 
therefore less hobbing force. (Note the third and fourth 38-vane blocks 
listed in Table 17-2; the fourth was hobbed with a ground tool.) 

Vacuum Casting .—Vacuum casting is performed by melting copper 
in a vacuum chamber and allowing it to flow into a carbon mold that 
forms the anode block. 

Vacuum casting is adaptable to the larger tubes, such as the HPIOV 
(see Chap. 19), but has no great advantage over the jig-assembly method 
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unless it is desired to have some irregular external shell shape that cannot 
be conveniently machined. The fact that some precision parts of the 
carbon mold for vacuum casting must be duplicated for each block 
represents a disadvantage compared with jig-assembly or lamination 
methods. 

Sintering .—Sintering employs the technique^ of pressing finely 
powdered metal into the desired shape and then heating this compress 
at a temperature great enough to cause bonding of the powder. 

Sintered copper blocks are useful for small tubes that are difficult 
to machine, but the method has not been fully tested. For blocks of 
nonmachinable metals, such as tantalum or tungsten, the method holds 
promise. Sintering has been employed successfully in making other 
irregularly shaped objects, such as Avaveguide-output parts. 

Combinotion of Methods .—The different methofls of fal)rication 
listed in "^I'able 17 1 have been applied to cases that essentially exemplify 
one method. The fabrication of some anode blocks, however, might 
best b(^ done by a combination of these methods. For exainph', the 
combination of sintering and jig assembly seems to be the most pj omising 
for making blocks out of nonmachinable metals, such as tungsten (the 
advantage of a tungstc^n block is that it would be less frequency-sensitiA c 
to temperature). The vanes, vshell, and straps might be sintered from 
powdered tungsten, and then these component parts brazed together 
by the jig-assembly method. 

17-2. Brazing and Soldering.—Brazing Avas one of seyeral new metal- 
Avorking techniques developed to meet rc^quirc^ments associatt^d with 
magnetron construt;tion. In large measure these techniques are dis¬ 
tinctly different fjom those emphasizcnl in standard rcdertuict's.’ This 
aspect of brazing may bi' classified as high-vacuum precision blazing. 
The first differcuitiation from usual brazing is the shift in emphasis from 
sheer strength to \^acuum perfection. A good vacuum requires a solder 
of low vapor pressure that an ill alloy Avith the base metal to gwe a reliable 
seal. In the case of purely mechanical joints, the Ioav vapor pressure 
requirement usually still exists, because most joints are exposed to the 
tube interior; and although it is best to have alloying betAveen the solder 
and base metal, sufficient mechanical strength can often be obtained 
Avithout alloying. In order to accomplish a precision braze it is necessary 
to localize the floAV of solder into Avell-defined boundaries. Electroplating 
fixed amounts of solder at the desired places provides a means of limiting 
the solder flow and gives fairly sharp boundaries. Another method is 
to use a solder ^'stop-off'' over which the solder Avill not floAv. Chromium 

^Johii Wulff, ed.. Powder Metallurgy^ American Society for Metals, Cleveland, 
Ohio, 1942. 

^ Welding Handbook^ American WcldiiiR Society, New York, 1942. 
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plate or carbon film serves as useful stop-offs. In either case, liquid 
or paste fluxes must be avoided in precision brazing, and this has, in 
general, required the use of hydrogen atmospheres for brazing. 

Preparation of Surfaces for Brazing. —Cleanliness is of great impor¬ 
tance. Parts must be thoroughly cleaned of oxide scale or film, either 
mechanically or by chemical means as outlined in Sec. 17-4. Immediately 
preceding the brazing operation all surfaces should be chemically 
degreased. 

The nature of one of the metal surfaces may be such as to inhibit 
good wetting action of the solder in spite of ideal cleanliness. This 
condition may be remedied by electroplating the surface with some metal 
that can be wetted by the solder. The deposited metal may serve other 
purposes, such as preventing or minimizing intergranular penetration 
of the solder into the base metal, and improving the fit between paris 
to be joined. 

Mechanical Preparation of Joints. —For solder that is applied by 
electroplating there must be intimate contact between the parts. When 
solder wire or sheet is applied or plae>ed within the joint, the fit is not so 
critical because the solder aaiII provide filling for the gaps. If the part 
is set up to take advantage of gravity flow, the gap may be greater than 
if flow depends upon capillary action. 

Parts brazed in a hydrogen atmosphere are usually supported by 
oxidized stainless-steel fixtures, and provision for the relative expansion 
of the assembled parts must be made in order to avoid slippage or warping 
of the parts. 

Selection of Solder. —In choosing a particular solder or brazing alloy 
the following factors should be considered. The solder should have a 
melting point at least 100°C below that of the metals to be joined unless 
precise brazing-temperature control is maintained. In the case of those 
metals where excessive brittleness or phase changes occur at elevated 
temperatures it is necessary to reduce the soldering temperature further. 
Joints must not give way below 500°C if the tubes are to be subjected to 
“bake out" (see Sec. 17-7). 

If a low-melting eutectic results through the combination of solder 
and base metal, care must be exercised by temperature control or c.ontrol 
of the amount of solder to avoid undue corroding around the joint. 
The vapor pressure of a solder exposed to the interior of the tube should 
be less than 10“® mm Hg at 450°C and less than 10“'^ mm Ilg at room 
temperature. For this reason, solders containing lead, cadmium, or zinc 
should be used with caution. Metals having a high vapor pressure can 
be tolerated in alloys only when their partial pressures are considerably 
reduced because of compound formation or interstitial adsorption. 
Excess amounts of low-conductivity solder must be avoided at points of 
high current density in the case of high-P oscillators. The choice of 
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Flux A—(a) Liquid: 40 Zn Cli, 20 XH 4 Cl, 40 HnO D—Handy Flux, Lloyd’s No. 7 

( 6 ) Paste: 90 Petrolatum, XH 4 Cl E—(a) Thin paste (10 parts powdered borax, 1 part boric acid) 

(c) Solution of resin in alcohol ( 6 ) Borax applied dry 

B—^Lloyd's No. 6 F—Lloyd’s stainless steel liquid flux 

C—^Lloyd's alumaweld all metal flux (thin paste) IL—Hydrogen 
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solder may be limited by the presence of 
previous joints, glass seals, or the cathode. 
By the use of heat shields in certain brazing 
methods, the solder need not necessarily be 
restricted to having a flow point less than 
the melting point of glass or the melting 
point of some other joint. If the brazing 
is done in a hydrogen atmosphere in the 
presence of glass, the glass itself may be 
damaged by the hydrogen, or the metal 
oxides involved in the glass-to-metal seals 
may be reduced and the seal rendered 
porous. The use of forming gas (80 per 
cent II 2 and 20 per cent N) instead of 
hydrogen reduces troubles of this nature, 
but greater care must then be exercised to 
remove oxide films chemically from the 
surfaces to be joined. 

The properties of available solders and 
fluxes are summarized in Table 17-5.^ It 
is noted that in the flow-point range of 
630° to 1082°C there are 35 solders while in 
the range of 400° to 629°C there are none. 
Because tubes arc generally baked at 450°C 
during processing, a solder that flows below 
this temperature is of little use in magnetron 
construction. HoAvever, the lack of a satis¬ 
factory solder in the flow range of 450° to 
550°(y eliminates the possibility of brazing 
in a uniform temperature furnace in the 
presence of glassware. 

Methods of Heating Parts to Be Brazed .— 
The methods^ of heating parts to be brazed 
are listed in Table 17'6. 

Gas-torch heating has the disadvantage 
of being limited to open-air brazing and 
therefore reciuires some chemical flux. This 

^ Original compilation by R. O. McIntosh, 
Westinghouse Research Laboratories, East Pitts¬ 
burgh, Pa. 

* For general information on brazing methods, 
see Welding Handbook^ American Welding Society, 
New York, 1942; J. Strong, Procedures in Experi¬ 
mental Physics, Prentice-Hall, New York, 1941. 
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Table 17-6.— Methods of Heating foh Bhazing 
Heating Method Atmosphere* 

Gas torch. Air 

Electrical resistance heating... Air, hydrogen bottle 

R-f induction. Air, hydrogen bottle; vacuum bottle 

Radiating filaments. Air, hydrogen bottle, hydrogen furnace 

* It is posaible to subatitvite an inert gas atmosphere for hydrogen, but hydrogen is usually used in 
precision brazing. 


objection is not serious with tube parts, i.e., input and output parts, that 
can be chemically cleaned before being assembled into the tube. How¬ 
ever, if the method has been used extensively in the case of final brazing in 
the presence of glass, flux may creep into the tube and where it cannot be 
removed. Close-fitting parts tend to minimize this trouble. In torch 
heating, better temperature control can be had if the flames are not 
played directly on the tube but are played on copper blocks which 
serve both for support and for heat conduction. In order to avoid 
brazing the copper blocks to the tube, they are separated by thin disks 
of oxidized stainless steel. When using this method it is important to 
prevent oxidation of the tube interior. This is commonly done by 
passing CO 2 containing alcohol vapor through the tube during the 
brazing process. The mixture prevents oxidation by replacing the oxygen 
of the air, and in addition, the alcohol cleans away by chemical action 
with copper oxide any oxide films that may have been formed. If CO 2 
contains an excessive amount of water vapor and oxygen, it is neces¬ 
sary to pass the CO 2 through a desiccator and through hot copper wool. 

Electrical-resistance heating may be used in place of the gas torch 
with the advantage of improved temperature control. In addition this 
makes it possible to perform the operation in an inert or reducing atmos¬ 
phere. The tube may be mounted between carbon blocks supported 
by heavy copper leads and connected to the secondary winding of a 
welding transformer (capable of 5- to 10-kw output at approximately 
0 volts). Good electrical connections must be made throughout the 
secondary circuit so that essentially all of the power is dissipated in the 
carbon supports. In order to get uniform heating in the supports it is 
necessary to have the carbon under uniform pressure. By Variac control 
the temperature of the supports and therefore the tube can be closely 
controlled; and furthermore, the heating time can be much less than in 
the torch-brazing method. 

For speed and temperature control, the r-f heating method^ is superior 
to both torch and electric-resistance heating. The method is adaptable 
to open air, gaseous atmospheres, or vacuum. For heating over a small 
area it is often desirable to have only a single loop in the working coil, 

^ G. H. Brown, C. N. Hoyler, and R. A. Bierwirth, Theory and Application of 
Radio-Frequency Heating^ Van Nostrand, New York, 1947. 
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in which case an appropriate matching transformer may be required 
between the output circuit of the r-f generator and the single loop. 
Because of the heat localization that is possible with a single-coil bom- 
barder, brazing can be done in a hydrogen bottle in the presence of glass 
and without special protection for glass even though it is close to the joint. 

For work demanding uniform temperature over a volume of as much 
as 300 cu in., a hydrogen-atmosphere furnace heated by radiating 
filaments is convenient. These 

... Glass cylinder 

furnaces are readdy available on 
the market and are extremely use¬ 
ful in vacuum-tube construction 
because they provide a clean uni¬ 
form-temperature chamber for 
metal cleaning and annealing as 
well as brazing. 

For work that does not 
demand a uniform temperature 
chamber and especially for labora¬ 
tory work, the ''hydrogenbottle’' ^ 
is very useful. A typical bottle 

arrangement is shown in Fig. _ 

17-12. Its advantages are sim¬ 
plicity, flexibility, and conveni¬ 
ence in watching the brazing 
process. Induction and electric- ^ , 

. . Ill riu. l712.—HvdrogPii-bottle arraiigement. 

resistance heating can be adapted 

to the hydrogen bottle, instead of heating by tungsten or molybdenum 
filaments; the advantage of the substitution depends on the job at hand. 

The sequence of steps in operating a bottle is as follows. Adjust 
the work on a platform using jigs and clamps to hold the parts in place 
during the heating and subsequent cooling. 

Arrange the heating unit to supply heat to the desired parts, shielding 
other parts with nickel sheet. When radiating filaments are used, a 
shield should surround the assembly to prevent overheating the glass 
bottle. 

After lowering the bottle over the work, turn on the hydrogen. 
Sufficient time should be allowed before turning on the heat to be sure 
that the bottle is full of hydrogen. During brazing, allow the hydrogen 
to continue to flow at a safe rate to keep the bottle full, and collect the 
overflow by a ventilating hood. Hydrogen flowing out the bottom 
of the bottle can be observed as a cooling sensation on the hand. If 
the bottle is well filled and air pockets are avoided, an explosion can be 
caused only by circiilating drafts at the bottom of the bottle; therefore, 
all air currents in the vicinity of the bottle should be avoided. In any 
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event, an explosion caused by drafts is usually mild because the bottom 
of the bottle is open and the bottle is free to rise. 

Turn on the heat source (at least 5 kw of power are necessary), 
and watch the operation through the glass. After the solder has flowed, 
a little time should be allowed for adequate penetration of the melt. 

The work should be allowed to cool in the hydrogen atmosphere until 
its temperature is 350°C or below. 

17-3. Selected Brazing Problems.—The best method for making a 
particular braze Avill depend largely on the specific object, the conditions 
to which it must be subjected later, and the experimenter\s available 
brazing equipment. For these reasons no more general brazing informa¬ 
tion will be given. Solutions to 
some specific brazing problems may 
be helpful to the experimenter, how¬ 
ever, as typical procedure that can 
be modified for the individual cases. 

Precision Brazing of Jig-assem- 
hlcd Anode Blocks .—The method for 
making component anode-block 
parts and jig assemblying thesis 
parts^ has been discussed in detail 
for the 2J42 block in Sec. 171. It 
now remains to braze these parts 
in a precise manner. In order to 
accomplish a precision braze it is 
necessary to have a uniform distri¬ 
bution and a controlled amount of 
soldering material at the points to 
be joined. In tubes as small as 
the 2J42, electroplating has been 
employed successfully for this pur¬ 
pose. Figure 17-5 shows the com- 

Fi(i. I7 i;3. -HPIOV anode block ready for P^nent parts of the block ready 
brazing. fop the brazing of the strapping 

rings to the vanes and the vanes 
to the block shell. To assure good solder flow and to obtain clean 
copper surfaces, all parts must be degreased (see Sec. 17-4) before being 
assembled. The strapping rings and block shell are silver plated (see 
Sec. 17-4) to a thickness of 0.0004 in. The parts are then assembled as 
described in Sec. 17 1, and the assembly heated in a hydrogen-atmosphere 
furnace for 5 min at 850°C. The plated silver melts at this temperature, 
although-the melting point of solid silver is 960°C, The melting begins 
near the copper-silver eutectic point (779°C), probably because a eutectic 
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solution of tho silver in the copper results. However, since the brazing 
process is performed at 850°C, the resulting silver-copper alloy will have 
a melting temperature of 850°C. One can then safely use eutectic solder 
in subsequent brazing operations. 

The success of applying solder to small tubes by plating is partly due 
to the fact that the component parts can be squeezed into intimate 
contact by the jig without undue distortion. In larger tubes this may 
be impossible, and a better method may be to place pieces of Ag-Cu 
eutectic solder at the points to be joined so that the solder, when melted, 
flows over the joint, filling places that are not mechanically touching. 
Such an arrangement is shown in Fig. 17-13 where the anode block is 



I'lLJ. 17-14.—VoltagB CDniiDctors. (a) Cathode support; (b) electroii-betim colleL-tor. 

large enough so that manually placing the solder strips is not difficult 
and the percentage change in dimensions by the melted solder is small. 

Construction of Cathode Supports .—Figure 17T4 shoAvs two types of 
stems or pipes whose fabrication presents typical magnetron brazing 
problems. In the construction shoiAm in Fig. 17T4a a number of brazes 
are made. 

The copper base is joined to the Kovar sleeve with ^^BT” solder (Ag72- 
Cu28). The two parts are held perpendicular with an oxidized stainless- 
steel jig, and one loop of '"BT" wire is placed on the Cu base shoulder. 
The assembly is placed in the hydrogen furnace at 830°C for 5 min and 
then in the hydrogen cooling chamber for 30 min. For this braze 
involving Kovar and a silver alloy the Kovar must be annealed in a 
hydrogen atmosphere at 900°C for 30 min (or at temperatures up to 





672 


CONSTRUCTION^ 


[Sec. 17-3 


1100°C for shorter time intervals) before brazing in order to minimize 
intergranular penetration of the silver alloy into the Kovar. If this is 
not done, the intergranular penetration may pause Kovar cracks which 
result in vacuum leaks. Care should be taken in the arrangement of 
parts so that the Kovar is not subjected to tensional stress during heating, 
as this may accelerate intergranular penetration. As further insurance, 
the Kovar may be copper-plated before brazing. 

The joint between the copper r-f choke and the tungsten center 
conductor is for mechanical purposes only, and therefore one need not 
use an alloying solder if sufficient bonding strength can be had by mere 
flow of the solder over the tungsten. Gold-copper (80-20) solder is 
found to give a sufficiently good mechanical joint; the braze is made in a 
hydrogen furnace at 920''C for 5 min. 

The vacuum seal between the tungsten rod and the Kovar cup 
requires an alloying solder. Table 17*5 suggests platinum solder as 
the lowest-melting-point solder that alloys with tungsten, but this 
melting point is too high to be used with Kovar. It has been found, 
however, that gold-copper (80-20) when used between Kovar and 
tungsten gives a reliable vacuum seal. It is believed that the nickel 
in the Kovar enters into the braze to alloy with the tungsten. Because 
both the copper choke and Kovar cup are brazed to the tungsten with 
the same solder, these operations can be done simultaneously in the 
hydrogen furnace. 

The two parts of the pipe thus constructed are then glassed according 
to Sec. 17-5. 

The pipe h in Fig. 1714 demonstrates another typical set of brazing 
problems. The center conductor is made of copper, and the iron pole 
piece fit through the copper lid. The brazes are made in the order 
described. 

Pure copper is used to braze the iron pole piece to the Kovar sleeve. 
This is a recommended braze for Kovar because there is no intergranular 
penetration and the Kovar is raised to a temperature that is sufficient 
to anneal it during the braze. This braze is made in a hydrogen furnace 
at 1100°C for 5 min. 

For the formation of the vacuum seal between the copper lid and the 
iron pole piece the iron pole tip is copper plated (sec Sec. 17-4) and the 
braze is made with ‘^BT” solder in a hydrogen furnace at 840°C for 
5 min. 

The Kovar cup is brazed to the copper center conductor in the same 
way as the first braze of pipe a, and the bonding of the copper r-f choke to 
the copper center conductor is also a ‘*BT'' braze. 

Assemhly of Tube Parts and the Final Vacuum Seal .—The scaling 
together of the various pipes, covers, or other parts to form the completed 
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magnetron is the most ciiffinilt of the brazing operations. The cathode, 
the inside copper surfaces, and the glassware must be protected against 
damage, and the choict' of the brazing alloy is limited by solders used in 
previous brazes and by the softening point of the glass parts. 

If a low-vapor-pressure solder existed in the flow range of 450° to 
500°C so that the brazing temperature would be low enough to do no 
damage to the glassA\are and high enough so that the braze would hold 
up under the 450°C tube bakeout (see Sec. 17-7), this final biaze vould 
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I"iG. 17-15.—2J42 ready for cathode mounting. 

be considerably simplified. In the absence of such a solder, the covers 
and pipes are in many cases brazed to the anode block in one brazing 
operation using either the gas-torch heating method or the electric- 
resistance method. This braze is in many cases done with Handy and 
Harmon “Easy Flo” in air, using a flow of alcohol-saturated CO 2 
through the tube to protect the cathode and the inside copper surfaces. 
The objections to this braze are the following: “Easy Flo” solder con¬ 
tains zinc and cadmium, the vapor pressures of which are high enough 
at the brazing temperature to contaminate the cathode during the braze; 
the flux used during the braze may enter the tube and cause cathode 
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contamination; and the flux may cover places where the solder has flowed 
poorly and that become evident only after the brazing operation is com¬ 
pleted and the flux removed. 

Some of the above difficulties have been avoided in special cases by 
doing all brazing in a hydrogen atmosphere and making all joints except 
the final vacuum seal in the absence of the cathode. The 2J42 is assem¬ 
bled in this manner (see Fig. 17-15). The output lead is placed in the 
anode block and peened to give some mechanical support. One loop of 
0.030-in. ‘*RT” wire solder is placed around the base of the lead. The 
heating is done in a hydrogen bottle with a molybdenum heating coil 
placed near the lead base Avith the glass protected by an asbestos shield. 
The output lead is soldered into place before the pole pieces are soldered 
in order that the loop height may be adjusted after the output-soldering 
operation. The pole pieces, tuning screw, and exhaust stem are next 
assembled. Solder washers of 0.010-in. ‘‘RT’^ sheet are placed between 
the pole pieces and block. Four turns of 0.025-iii. ‘^RT’’ wire solder are 
placed around the tuning screAV, and two turns of the same solder placed 
around the exhaust stem. The heating is again done in an H 2 atmos¬ 
phere, with molybdenum coils mounted on ceramic coils Avhich fit around 
the pole pieces. The glass is again protected with asbestos shields, and 
the temperature is raised only slightly above the flow point in order not to 
disturb the output-lead braze. The assembly is now ready for mounting 
the cathode, which is centered through the hole in the pole piece opposite 
the cathode support. The final braze now consists only of soldering 
a plug into the cathode-centering hole. This is again done in the H 2 
bottle Avith an ‘^RT’^ solder Avasher under the copper plug. The heating 
this time, however, is done by the electric-resistance method. A carbon 
rod is pushed against the copper plug, and the other electrical connection 
is made by a clamp around the same pole piece. Before making this 
braze, the inside of the tube is flusluMl fret^ of trapped air. By this 
system of brazes the copper is never heated except in a hydrogen atmos¬ 
phere, and the final braze in the presence of the cathode does not raise 
the temperature of the cathode above 1()()°C. The nnly disaclvantage of 
this method is the use of the zinc-bearing solder '‘ RT^^ which has a ques¬ 
tionable vapor pressure. 

17-4. Chemical Processes. —The importance of cleanliness in tube 
construction cannot be overemphasized. While it is often impossible 
to find the reason for the impaired quality of certain tubes, the average 
tube quality is certainly dependent upon the cleanliness that one exer¬ 
cises during construction. For this reason chemical cleaning is the most 
frequently used process in tube making. Practically every part that 
goes into a tube Avill experience three or four cleanings during the tube 
fabrication. Electroplating is employed to deposit solder for brazing, to 
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improve the surface conductivity of certain tube parts, and to provide a 
base for glass sealing. 

The choice of a cleaning or plating process for specific uses is somewhat 
controversial largely because the technique is as important as the process. 
The following processes are given, therefore, merely to illustrate ones 
that have been successfully used in tube construction. 

Clmning .—Trichlorethylene is Avidely used as a general degreasing 
agent. It is noninflammable and an excellent grease solvent. The 
degreasing process consists of agitation in trichlorethylene folloAved by 
immersion in methyl alcohol and rapid drying in Avarm air. 

Acetone is a milder degreasing agent and one that may be used if a 
soh^ent free of chlorine or sulfur is preferred. The acetone washing 
should also l)e followed by rimsing in clear methyl alcohol. 

Clreat care should he. exercised Avith cathode nickel to limit the 
possibilities of contamination. The following cleaning method has 
l)een used successfully. Agitate in acetone. Boil for 5 min in a solution 
composed of 40 g of NaoCOa, 13 g of NaOH, and 13 g of NaCN in 1 liter 
of distilled H 2 O. Rinse thoroughly in boiling distilled Avater. Boil 
in second bath of distilled water for 5 min. Rinse in Avarm 5 per cent 
acetic acid solution. Agitate in boiling distilhul Avater. Agitate in 
second bath of distilled Avater. Rinse in clean methyl alcohol and in 
Avarm-air blast. 

A 50 per cent solution of inhibited hydrochloric acid at a temperature 
of about 70°C Avill remoA^e the oxides formed on Kovar, copper, and 
iron parts. The inhibitor is j per cent by \u)lume of Rodinc No. 50,^ 
used to decrease the attack on the base metal and to preA^ent immersion 
copj)er plating onto the Kovar in the case of copper and KoAuir assemblies. 
The concentration of acid and the immer.sion time may be modified 
depending upon the degree of oxidation of the parts. 

HeaA^y oxide coating (or tool marks) on tungsten and molybdenum 
can be removed by a-c electrolysis at about 7.5 A^olts in a 20 per cent 
potassium hydroxide solution using a carbon electrode. The solution 
may be used repeatedly. 

Before being coated, tungsten and molybdenum heaters are boiled 
in a 20 per cent potassium hydroxide solution for about 5 min and then 
rinsed in distilled Avater. Large molybdenum heaters, in addition to 
the above treatment, should be immersed in Avarm concentrated sulfuric 
acid for several minutes. 

Heavy oxide on nickel lead stems may be removed first by mechanical 
abrasion and then by electrolysis in a solution composed of 1 liter of 
distilled Avater, 667 cc of concentrated sulfuric acid, and 125 g of nickel 
sulfate. With the nickel part as anode, Aufltages of 6 to 12 volts are 

^ Obtainable from the American Chemical Paint Co., Ambler, Pa. 
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used, depending upon the density of oxide. Highly polished surfaces 
can be obtained on nickel if the current density is elevated sufficiently. 

In addition to the dichromate cleaning solution suggested in the 
Handbook of Chemistry and Physics the following method of cleaning 
glass for high-vacuum use is recommended.'^ Prior to storage, degrease 
in acetone, clean in hot 10 per cent sodium carbonate solution, rinse in 
hot distilled water, drain dry, and store in cellophane containers. Just 
prior to use, rinse thoroughly in hot distilled water, Avash in 5 per cent 
acetic acid solution, rinse in warm distilled water, rinse in clean methyl 
alcohol, and drain dry. 

Plating .—For general information on plating techniques the reader 
is referred to the publications listed below.^ Plating solutions, partially 
prepared, can be obtained from the Electroplating Division of E. I. 
duPont de Nemours Company, Wilmington 98, Del. 

One of the most common plating processes in metal tube making is 
silver plating for precision brazing. The following procedure for this 
process has been used successfully: Degrease the parts in trichlorethylene; 
rinse them in methyl alcohol; boil 5 min in the solution given previously; 
rinse well in distilled Avater; let dry after a methyl alcohol dip; paint 
parts to be protected from plating AAuth ‘*stop-off’^ lacquer,^ and alloAV 
to dry; silver plate to desired thickness; rinse Avell in cold Avater, and 
peel off lacquer; AA^ash well in acetone to remove particles of lacquer; 
rinse in clean methyl alcohol; and let dry. 

17-B, Metal-to-glass Seals. —To obtain a vacuum seal betAveen 
glass and metal tAA^o major conditions must be satisfied: The thermal 
expansions of the glass and metal must match or be accounted for in the 
design, and the glass must Avet the metal surface. Tavo Avays of satisfying 
these conditions have come into use. The copper-to-glass seal deA^eloped 
by Housekeeper® is one that satisfies the first condition by mechanical 
distortion of the metal. In this case the glass is sealed to a copper tube 
machined to a thin “feather edge,” AA^hich is easily distorted Avhen the 
seal is subjected to a change in temperature and thereby prevents the 

1 Handbook of Chemistry and Physics^ 27th ed., ChemiKal llubber Publishing Co., 
Cleveland, Ohio, 1943. 

® E. A. Coomes, J, G. Buck, A. S. Eisenatein, and A. rinoinan, "Alkaline Earth 
Oxide Cathodes for Pulsed Tubes,” App. II, NDllC 14-933, OEM sr-2()2. Mar. 30, 
1946. 

^ Modern Electroplating j The Electrochemical Society, Columbia University, New 
York, 1942; N, Hall and G. B. Hogaboom, Jr., ed.. Plating and Finishing Guidebook^ 
Metal Industry Publishing Co., New York, 1943; W. Blum and G. B. Hogaboom, 
Principles of Electroplating dnd Electroformingj McGraw-Hill, New York, 1930. 

^ Purchasable from Wyandotte Paint Products Co., Wyandotte, Mich. 

“ W. G. Housekeeper, Jour. Am. Inst. Elec. Eng.j 4.2, 954 ()923). 
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glass from fracturing. The Kovar^ (or Fernico^) seal satisfies the first 
condition by virtue of the fact that the metal and Kovar cooling curves 
are closely matched below the glass-annealing point. Both of these seal¬ 
ing methods satisfy the second requirement because a copper or Kovar 
oxide is formed during the sealing process that partially dissolves into 
the glass, thus forming a hermetic seal. The success of the seals in 
either method lies mainly in the technique of wetting the oxide with glass 
in the plastic state. The method of copper-to-glass seals is well outlined 
in Strong® and will not be discussed here, except to emphasize that the 
quality of the copper used in such seals is extremely important. Oxide 
inclusions in the copper must be avoided to minimize porosity and lessen 
leak trouble in the feather edge. For this reason OFHC copper is almost 
a necessity.'* The technique of making the Kovar seal is described fol¬ 
lowing a discussion of the properties of Kovar and common glasses used in 
the laboratory. 

Pro'perties of Kovar —Kovar, a cobalt-nickel-iron alloy, was specif¬ 
ically developed for making vacuum seals to hard glass. It machines 
readily at slow speeds (much like stainless steel), when high-speed cutting 
tools are used with lard oil as a lubricant. It can be deep drawn as 
described in Table 17-7.® 

Tahli: 17 - 7 .^ —IIecommendki) Pule fou Drawing Kovar 

Maximum redurtion in diameter, % 

First draw. 40 

Undraw. 25 (30 after rnaniinal) 

Subsequent redraws. 20 (25 after rnanneal) 


^ H. Scott, Am. Inst. Mining Metal. Eng. Tech. P\ib. 318, 1930; Jour. Franklin 
Inst., 220, 733 (1935). Kovar is obtainable from the Stupakoff Ceramic and Manu¬ 
facturing C'o., Latrobe, Fa. 

2 E. E. Burger, Gen. Elec. Bev., 37, 93 (1934); A. W. Hull and E. E. Burger, 
Physics, 5, 384 (1934). Feriiica) is obtainable from the General Electric Co., Schtv 
nectady, N.Y. From hern on the text will refer only to Kovar, but the remarks are, 
in general, applicable to Fernico as well. 

^ Strong, op. cii. 

^ J. E. Clark, OFHC Copper for f/.sp in V^acuu-m Tubes, BTL Memorandum 
MM-40-140-42, Sept, fi, 1940. 

^ See "Sealing Glass to Kovar," Bull. 145, Stupakoff Ceramic and Manufacturing 
Co., Latrobe, Pa., 1945. 

^ Subsequent annealing is required only when the length of the cup equals or 
exceeds the diameter. Using the above rule for drawing, an anneal should be made 
after the first redraw. When drawing long cups, anneals should follow the third 
redraw, fifth redraw, etc. For the anneal, the Kovar should be heated in a hydrogen- 
or inert-atmosphere furnace at a temperature of 1100°C for 15 min or at lower temper¬ 
atures for longer times down to 800”C for 2 hr. 
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Table 17‘8^ contains data on the physical properties ot Ivovar. It 
is important to realize that the average coefficient of expansion does not 
alone determine the strength of a seal and deviations of the Kovar from 
the glass cooling curves must be considered. 

Table 17-8.*— Properties of Kovau* 

Specific Properties of Knviir 

Composition. 29% nickel, 17% cobalt, 0.3% iiiajitrfuie.se. balajn‘i> iron 

Melting point. 1450°C (approximate) 

Density. 0.302 lb per cu in. 

Hardness, annealed. 760“C—140-1()0 BHN 

Hardness, nnannealed. 200-250 BHN depending on degri^e of cold work 

Specific electrical resistance. . 49 microhm cm—294 ohms pi'r cir. mil. foot 

Thermal conductivity. 0.046 calorics/cm/sec°C (approxiiiiati' as measured at 

room teinperaturc) 

C^urie point. 435°(' approximate 


Physical Properties of 0.030 Thick Sheet Tested Parallel to the Direction of Rolling 


^'ield point. 

PSI 

50,500 

Proportional limit. 

32,300 

Tensile strength. 

89,700 

Modulus of elasticity. 

20 X 10« 

Thermal Expansion: After 

annealing in hydrogen for 1 hr at 900°C and for 15 min 

at 1100“C. The average i*oe 

flicinnt of thermal expaiision of Kovar falls within tlie 

fullowing limits; 

30“-200‘’C 

4.33-5.30 X 10» j)i-r "G 

30°-300°C 

4.41-5.17 X 10“ por “G 

30“-400'’(' 

4..54-5.08 X 10“ per “G 

30°-450°C 

5.03-5.37 X lO'piT "i; 

30°-500“C' 

5.71-6.21 X 10'per °G 

.Magiietie Plaineability 

Magnetic permcsibility Flux density, gauss 


1000 500 

2000 2,000 

3700 7,000 (max. valiuO 

2280 12,000 

213 17,000 


Magnetic Losses, Watts pe.r Lb 


Thickness 

10 kilogamss 

60 cycles/sec 

10 kilogaiiss 
840 cycles/sec 

2 kilogausa 
5000 cyclea/aec 

2 kilo gauss 
10,000 cycles/sec 

0.010 

1.05 

23.4 

16.6 

41.0 

0.030 

1.51 




0.050 

2.77 





• Tensile strength of Kovar glass seals is 600 Ib/sq in. All of the above are typical values. 


^See “Sealing Glass to Kovar,” Bull. 145, Stupakoff Ceramic and Manufacturing 
Cd., Latrobe, Pa., 1945. 
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Properties of Laboratory Glasses. —Data on the properties of various 
glasses are given in Table 17-9. Such information has proved useful 
in the experimental laboratory and provides necessary information for 
making Kovar-to-glass seals. The first column of Table 17 9 defines 
the glass by code number. The second column is included because the 
laboratory numbers often continue in popular use even after a code 
number has been assigned. The thermal coefficient of expansion is the 
average coefficient of expansion from a range of temperatures between 
0° and 300°C. The softening point, annealing point, strain point, and 
working point are merely four arbitrary points on a smooth temperature- 
viscosity curve. The working point given in Table 17-9 does not con¬ 
stitute a recommendation of the proper temperature for sealing, but it 
corresponds to the approximate temperature at which seals are usually 
made. The volume resistivity values (Column 8) arc, in general, not 
true material constants but subject to the experimental conditions as 
outlined in “Tables of Dielectric Materials.”' The values will have 
considerable practical importance, however, in estimating leakage currents 
and in making comparisons between materials. The dielectric properties 
are also taken from this reference and defined according to the following: 

e' = dielectric constant, 

Co = dielectric constant of vacuum = 8.854 X 10“'^ (farad/nieter), 
e'/co = specific dielectric constant, 

e* = complex dielectric constant = c' — je", 

e” = loss factor, 
tan 6 = loss tangent = 

Properties of glass, such as aging, reactions with gas(\s, and chemical 
reaction of one glass upon another, are difficult to take into account, and 
in these cases experience is the best guide. 

Preparation of the Glass and Kovar for Sealing. —The cutting of the 
glass tubing or cane to the required lengths can be done with a bonded 
abrasive wheel. A wheel of approximately No. 200 grit with a surface 
speed of 8000 ft/min is satisfactory. Care should be taken to avoid 
forcing the cut because this will produce abrasive inclusions in the glass 
and result in cloudy seals. 

After the Kovar is machined or drawn to size, it should be polished 
free from any tool marks or scratches, particularly those which run from 
the inside to the outside of the proposed seal. Deep scratches can be 
removed with an aloxite cloth of approximately No. 120 grit, but for 
finishing polish a No. 250 grit cloth should be used. In addition to 

^ A. von Hippel, "Tables of Dielectric Materials," Report VIII, NDRC 14-425, 
p. 63. 
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polishing, any sharp edges in contact with the seal should be rounded 
with a forming tool. 

After the machining and polishing, the Kovar should be degreased 
as described in Sec. 17-4 and then annealed in a hydrogen atmosphere. 
If the Kovar is not hydrogen fired, the finished seal may contain bubbles 
which Aveaken the glass mechanically and increase the probability of 
vacuum leaks. If the Kovar is not properly annealed, cracks may occur 
during subsequent brazing operations. This heat treatment in the 
hydrogen furnace is the same as given in the note to Table 17-7. The 
seals should be made Avithin a feAv hours after this hydrogen-atmosphere 
firing. 

Glafis-to~Kovar Seals .—The best method to be employed for sealing 
glass to Koa ar depends upon many factors, including the size and shape 
of the glass and metal parts. Some general remarks on sealing can be 
obtained from the Ko\"ar manufacturer^ and need not be repeated here. 
Instead, the technique of sealing glass to Kovar for a specific case aa'III 
be described in detail as typical sealing procedure. The folloAving 
description applies to pipe a in Fig. 17T4. It is here assumed that the 
component parts of the base and central lead have been machined and 
brazed together and the KoA’ar parts polished, chemically cleaned, 
dega.ssed, and annealed according to preAdous sections of this chapter; 
theiefore, the base assembly and the central lead are ready to be glassed. 
In this case the No. 7052 glass is cut to a length j-in. greater than the 
desired distance between the Ko\^ar pieces, and a diameter is chosen such 
that it fits loosely over the IvoA^ar. 

The folloAving operations are performed to make the seal to the t^vo 
KoA^ar pieces. 

The base of the cathode-support lead is placed in a stainless-steel 
jig Avhich Avill be used to center the central lead and to position the two 
KoA^ar parts at the proper separation. The jig and base are mounted 
in the headstock of a glass lathe.^ 

The ctuitral lead is placed in the tailstock of the lathe. 

With the cross fires of illuminating gas and oxygen set to be slightly 
oxidizing, the Kovar pieces are oxidized by raising their temperatures 
to a dull red and immediately allowing them to cool. They must not 
be overoxidized; a heavy black oxide is inclined to result in a leaky seal. 

The glass is slid over the Kovar, and the tailstock moved forAvard 
until the central lead hits the step in the jig and thus establishes the 
proper spacing betAA-een the tAVo Kovar pieces. 

One end is glassed at a time. The fires are placed in a manner to 
heat the Kovar more than the glass. When the glass reaches the Avorking 

^ "Sealing Glass to Kovar," ov. cit. 

^ Litton Engint^eriiig Laboratories, Redwood City, Calif. 
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tRmperaturos, it is pushed onto the Kovar with a earbon paddh'. When 
enntaet has been made between the Kovar and glass all around the 
eircumferenee, the jiaddle is removed, but heating is efintinued until 
the glass thoroughly wets the Kovar and the glass edges become rounded. 

After both seals have been made, the glass can be worked to a uniform 
diameter. 

The glass must be worked at the seals so that it wets the edges of th(‘ 
Kovar. It is advisable to have the edges of the glass always meet the 
Kovar at a large angle. 

The joints are flame-annealed with a bunsen burner. 

They are then oven-annealed at 41K)°C for 20 min, and the oven is 
allowed to cool to room temperature at the rate of appioximately 2°( / 
min. The color of the seal should be a smoky grey. 

Wavegiiidv Windows. —An important part of the dc‘sign ()f a Avaveguidi^ 
output is the Avav^eguide Avindow which serves as a vataium sc'al ael oss 
the guide Avith minimum poAver absorption in the (licdi'ctrie Avindf)A\ 
material. 

Waveguide AA'indows such as these can be made on a lathe by siailing 
to the edges of the opening glass tubing having a diannder apj^roxi- 
mately equal to the circular opening in the Kovar cup. Tlie tubing 
is then buttoned-off close to the Kovar, and the i*emaiiiing glass jiaddhal 
and Avorked into the opening. After annealing, excess ghiss in the 
windows is ground flat on an abrasive grinding Avheel. 4 his method is 
satisfactory for a feAA' experimental AvindoAAs, but the ipuility anil sjieed 
of construction may be improved by the use of glass disks. 

Such disks of different glasses can be purchased from the glass manu¬ 
facturer or cut with the aid of a diamond-cutting Avheel (approximattdy 
300 grit) from glass cane. The disks thus rough-cut can be polishtal 
to the exact thickness by conventional optical polishing techniques. 
During the disk-polishing process, abrasive material may be foi ced into 
the glass and cause bubbling Avhen the seal is made. Abrasive in(;liisions 
are encouraged if excessive pressure is applied to force cutting. Tht^ 
disk-sealing method of making AA'indoAAS is explained with the aid of 
Fig. 17T6.^ The opening in the Kovar is beveled to a 45° angle, and 
the diameter of the glass is sucdi that it r(\sts on the Kovar opening as 
shown. The upper stainless-steel tool is used to push the glass disk down 
as the edges become soft. The loAver tool holds the glass in its final 
position AAUth respect to the Kovar. The fires from the gas-oxygen 
burners are played on the Kovar cup as shown in Fig. 17-Km and b while 
the assembly is being rotated in a vertical sealer. (Only two burnejs 
are shoAvn, but more may be used.) The flame is not played on the glass, 

^ E. J. Walsh, “Method of Making Glass to Metal WindoAV Seals,’’ IVFL Memo¬ 
randum MM-43-140-48, Oct. 5, 1943. * 
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but melting occurs because of heat conduction from the Kovar to the 
glass. After the seal is made, the upper tool is removed and the edges 
of the glass are further melted to avoid small angle contact between the 


glass and Kovar. The final seal 
resembles the sketch of Fig. 17-16c. 
Immediately after being sealed 
the window is placed in an an- 
junding oven for about 15 min and 
then allowed to cool at api)roxi- 
inately 2°C/min. 

For sealing to Kovar, the low- 
loss Corning No. 707 glass is 
usually not recommended because 
its coefficient of exi)ansion is con¬ 
siderably less than that for Kovar 



I 

(tf) 


(see Table 17 0). It has been 
fourni, however, that successful 
seals can be made on the abo^ e 
wavc'guide Avindow using this 
glass, ft is believed that the sur‘- 
c(‘ss of this seal is rtdated to tlie 
fact that the glass is lc*ft under 
coinpressional stress U])on cooling 
and that this glavss can stand a 
great er stress in compression than 
in tension. A Kovar cup is used 
so that when the Kovar is brazed 
t o the coppi'r portion of the tube, 
the Avindow is relatively fi ee from 
strains. 

Another technique for sf aling 
glass disks to Kovar employs the 
use of induction heating. Figure 
17-17 shoAA S the arrangement of an 
r-f coil and waveguide AVindoAV 
preparatory to scaling. The sin¬ 
gle-turn r-f coil is connected to 
the output of an r-f generator 
through an appropriate matching 
transformer.^ The Kovar is held 
heating method provides uniform 
control of the Kovar temperature, 



(»■) 


I’lLi. 17-U).—Sealing glasts into a wave¬ 
guide window. [Courteny of Bell Telephone 
Laboratories.) 

in a Lavite support. The induction 
heating of the Kovar and excellent 
irid as a result very flat and uniform 


Avindows can be made Avithout the holding tools that arc necessary in 


the method previously described. 


1 ibid. 
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Mica Windows ,—The low-loss 707 glass used in the above windows 
is limited in its average power-handling capacity to about 500 watts 
transmission of 3-cm radiation. For higher-power outputs mica windows 
may be used, as losses are about 15 per cent lower than those in 707 glass. 



Fig. 17-17.—Coil for r-f heating of waveguide windows. 

A technique of making mica v.indows for waveguide output^ has been 
based on a method for sealing mica to metal.“ The metal cup is made of 
Allegheny No. 4 Alloy (52 per cent Fe, 42 per cent Ni, 6 per cent Cr) 
which has a coefficient of expansion of about 05 X 10~^ per degree 
centigrade and nearly matches the expansion properties of India mica. 
A lead-borosilicate glass effects a seal between the mica and the metal cup. 
Such a mica window is shown in Fig. 1718. 

In constructing such a window, the No. 4 alloy cup is fired in a dry 
hydrogen atmosphere for 15 min at 1100°C to remove the original oxide. 

In the absence of a hydrogen fur¬ 
nace free of oxygen and water 
vapor, the oxide can be removed by 
mechanical polishing. The cup is 
fired in a regular tank hyilrogen 
furnace for 10 to 15 min at 1100°(' 
to form a thin uniform layer of 
oxide. This chromium o\i de is 
necessary so that the glass will wet 
the metal and form a hermetic 
S(‘al. A paste is made of powdered 
glass with water. This paste is painted with a small brush around 
the mica disk placed over the opening in the cup. A lavite slug, 
slightly smaller in diameter than the mica, is placed over the mica disk, 
and the lavite, mica, and cup arc held together with a supporting jig. 
The lavite slug not only holds the mica in position but also prevents 
the glass from flowing over the whole mica surface. This combination 

^ L. Malter, R. L. Jepson, und L. R. Bloom, "Mica Windows for Waveguide 
Output Magnetrons," NDRC 14-366, Dec. 5, 1944. 

^ J. S. Dorial, Jr., "Sealing Mica to Glahh or Metal to Form a Vacuum Tight 
Joint," Rev. Sd, Instrumcntsj 13 , 266 (1942). 



liG. 1718.^—Mica window for waveguide 
output. 
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is fired in an air oven for 15 min at 600°C; the seal between the metal 
and glass should then have a light green color. To braze the cup to 
the copper part of the waveguide, the cup must be nickel-plated after 
the oxide has been removed by polishing. The cup-to-copper waveguide 
joint can now be made with silver alloys "'BT'’ or "RT” in a hydrogen 
bottle if the window is protected by blowing nitrogen over its surface 
during the brazing operation. It is possible with this window to repair 
a leak in the seal even after the tube is completely assembled. Protection 
in the form of a section of waveguide extending beyond the mica is desira- 
bl e, as this type of window is mechanically weak. 



Fig. 17-19.—Cathode-forming die. 

17'6. Cathode and Heater Construction. —The properties of the 
alkaline-earth oxide-coated cathode are given in Chap. 12. This section 
will describe the construction of cathodes for magnetron use. Although 
the oxide material used in making magnetron cathodes has remained 
essentially unchanged for several years, there have been important 
improvements in the construction of the base for the oxide layer. The 
screen and the pt)rous matrix of nickeP are outstanding examples. 
Methods of making these cathodes will be discussed along with methods 
of fabricating the plain nickel-sleeve cathode. Finally, the construction 
of thorium oxide cathodes for high-power application will be considered. 

Cathode-sleeve Coyistruetion .—Plain nickel sleeves can be made by 
cutting tubing to the proper length with a sharp knife. If seamless 
Grade A nickel tubing cannot be obtained in the desired size, it can be 

^ R. L. Slobod, "Development of Magnetron Cathodes,” BTL Memorandum 
MM-44-120-73, June 11, 1944. 
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drawn to size. If the desired seamless tubing is not available, tlie 
cylindrical sleeve may be formed from nickel sheet. 

For small cathodes it is advisable to machine the sleeve to size from 
a nickel rod or heavy-walled tubing, as is done for the 725A magnetron 
cathode, shown in Fig. 17-20, or to press a nickel rod to the desired diam¬ 
eter and shape in a steel-forming die, as is done for the 2,J42 magnetron. 
The parts of such a forming die are shown in Fig. 17-19. These paits 
are made from Ketos tool steel hardened to a llockwell C of about (U). 
Nickel rod of a diameter approximately equal to the cathode diameter 
is cut to a length sufficient to supply the volume of nii-kel netuied in the 
finished structure. The best length may be found by trial and erroi-. 





(a) (ft) (c) 

Fig. 17-20.—725A cathode, (a) Plain sleeve; (b) screen sleeve; (c) ['osilRd screen pathoile. 

{Cmirt^sy of Bdl Tvlvphone Labor[itorwa.) 

Before being pressed the nickel rod is annealed in the hydrogen-atmos¬ 
phere furnace at 900°C for 30 min. It is then placed in the forming 
die with the pie-shaped sides and end pieces put in place. The outside 
diameter of the assembled parts has a slight taper so that the assembly 
can be forced into a hardened cylinder which prevents the pie-shayied 
parts from moving radially during pressing. The assembly is then 
placed in a press, and a force is applied between the two end pins. By 
this technique the cathode sleeve, end shields, and support rod are formed, 
and all that remains to be done is drilling the central hole through the 
rod to admit the heater. If the end shields are difficult to form by 
pressing, punched nickel washers may be put on the initial nickel rod 
and pressed into place by the forming die. 

The screen cathode is formed by applying a nickel mesh to the plain 
cathode sleeve (see Fig. 17*20a). For the larger cathodes the mesh is 
spot-welded to the nickel sleeve by conventional spotwelding techniques. 
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Fio. 17-21.—Snreen-paihodR sintering jig. 


For the smaller cathodes the screen may be sintered onto the sleeve iii 
the following manner. The nickel screen (150 by 150 mesh for the 
2J42 size of cathode) is degreased, annealed in a hydrogen furnace at 
BOO^C for i hr, and cut to the 
proper size to cover the cathode 
sleeve. The screen is placed 
around the cathode and held in a 
K-Monel jig such as the one shown 
in Fig. 17-21. The grooves in the 
jig prevent bending of the cathode 
end shields. The two parts of the 
jig are then screwed together 
tightly and passed through the 
hydrogen furnace at 1125°C for 15 
min. In order to get good bond¬ 
ing of the mesh to the nickel sleeve 

the jig must exert a large and uniform pressure over the whole cathode 
area, and therefore the screen sintering should be done before drilling 
the heater hole. In cases where this is impossible, it may be necessary 
to place a mandrel in the heater hole during the 
sintering operation. 

^ The porous-nickel-matrix cathode^ was developed 

in an effort to increase the thermal conductivity of 
the emitting layer of the cathode. To form the 
porous matrix, nickel powder either is painted onto 
the plain sleeve in the form of a suspension in amyl 
acetate with pyroxylin as a binder or is molded onto 
the sleeve with the aid of a stainless-steel fixture. In 
the painting method the nickel powder ( — 200 + 325 
mesh) is built up to a thickness of approximately 10 
mils and then fired for 15 min in a hydrogen atmos¬ 
phere at 1200°C. In the molding method the metal 
powder is introduced into the space between an 
oxidized stainless-steel mold and the cathode sleeve, 
and the assembly is fired at 900°C for 10 min to fix 
the powder into place. The mold is then removed, 
and the sleeve plus powder refired at 1200°C for 15 
min to form a highly porous mass rigidly attached to 
the base metal as shown in Fig. 17-22. 

Heater Construction .—The heater conventionally consists of a tungsten 
or molybdenum wire (or ribbon) inserted into the cathode sleeve, as 
seen in Fig. 17-23. Because there must be little or no electrical leakage 
^ Ibid. 


if 


Fig. 17-22.—Por- 
uuH-ni ckel-in u t ri x 
n at ho lie. {Courtesy 
of Bell' Telephone Lab¬ 
oratories.) 
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between the heater and the cathode nr between adjoining parts of ilu^ 
heater, they are usually coated Avith some nonconducting nonemissiA i) 
material. The coating must be hard and tough enough to withstand 
insertion into the cathode sleeve. Alundum, a nonemissive electrical 
insulating material which can withstand high temperatures and abrasion, 
is most frequently used. Heaters must be designed so that their maxi¬ 
mum temperature will not exceed 1400°C in order to stay safely below the 
melting temperature of Alundum. 

A procedure for fabricating heater coils is as follows. The wire is 
Avound on a mandrel the diameter of Avhich depends upon the wire diam¬ 
eter as Avell as the coil diameter and is best determined by trial and error. 
The clearance betAveen the inside of the sleeve and the outside of thc^ 
coated heater depends upon the cathode size but is usually between 
0.003 and 0.010 in. In some cases, such as a heater to be Avound bifilar, 
t is ad\dsable to Avind the AAure on a stainless-steel mandrel that has screws 
thnaids of the proper pitch cut into it. After winding, the ends of the 
Avire are securely fastened, and the heater coil and mandrel are hydrogen- 
fired at 1000°C for 5 min. At this temperature, strains are removetl from 
tungsten or molybdenum Avire Avithout embrittling the metal. The coil 
may then be removed from the mandrel by unsto-ew ing. The tuids t)f the 
coil are then formed to the shape necessary for w elding them to the input 
connectors. The coil is chemitailly cleaned by boiling it in 20 per (auit 
KOH solution for 5 min, rinsed in distilled water, and dried in a hot-air 
blast. The heater is next sprayed with a suspension of Alundum. The 
spraying can be done aa ith a De Vilbiss type C"Y spray gun, the compressed 
air being supplied through a De A^ill)iss type HB air transformer. The air 
pressure, the gun fluid screw, and the gun spreadc'i* vah e should be 
adjusted to produce a cloud of uniform density. When a small number of 
tubes are made in an experimental laboratory, the heater coating (which 
is a suspension of Alundum in an appropriate binder sucdi as amyl acidate) 
can best be obtained from a commercial radio-t\d)e manufacturer. The 
suspension must be Avell agitated before it is usial by being rolled on a 
“ball miU“ for ^ hr at 100 rpm. The thickness of coating should be built 
up sloAvly and uniformly to about 0.003 in. by several passes ()f the gun at 
several different angles around the axis of the heater. The coil is then 
baked in a loAA'-temperature oven in air at 100°C] for hr to evaporate 
the Alundum binder. The coil is then placed in a molybdenum tray 
and fired in a high-temperature hydrogen-atmosphere furnace at 1G20°C 
for 5 min. If the temperature is too high, the coating will become exces¬ 
sively hard and will be inclined to chip when the heater is bent. If the 
temperature is too Ioav, a soft coating will result. 

Assembly of Cathode Parts .—The procedure for assembling the cathode 
parts Avill depend upon many factors, especially the method that is chosen 
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for mounting the cathode in the tube. For magnetrons with unattached 
magnets the cathode is usually mounted by two radial supports which 
serve also to complete the heater circuit. For “packaged tubes“ it 
is common to use a single support through a hole in the pole piece; the 
support is hollow; and the heater circuit is completed by a coaxial wire. 
These methods t)f assembly will be described by reference to typical 
examples. 

The cathode for the 725A magnetron (shown in Fig. 17-23) is selected 
as an example of the radial mount. The details of brazing, cleaning, 
glassing, etc., have been discussed previously; the assembly f)f the differ¬ 
ent cathode parts will merely be listed without discussing the details of 
these operations. Some detail of making the heater insulator must be 



given, however. Tiavite^ is a convenient material for this purpose. It 
can be machined to size in the raAV state and then hardened in the follow¬ 
ing manner. Places insulators in nickel tiay coveued ^^'ith Alundum 
sand. Pla(‘e tray in air oven, and heat at about 500°C for 5 min. 
Jnciease over temperature to 1000°C, and heat for f hr. Allow oven to 
cool to about 200°C V)efore removing insulators. (This procedure is 
for an oven with an annealing chamber.) The different parts of the 
cathode (Fig. ]7-23) are then assembled by the following process. 

The heater, insulator, and eyelet are arranged as shoAvn. The nickel 
eyelet is flattened to clamp the heater. The insulator is held in place by 
crimping the nickel shoulder at the end of the cathode. The heater is 
spot-welded at one end to the cathode-support flange and at the other 

^ Obtainahlr frum the AiiieriL-aii Lava Corp., Chattanopga 5, Tenn. 
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end to the flattened eyelet. The protruding heater wire is cut off flush 
with the end of the eyelet. The assembled cathode and heater are then 
ready for mounting in the magnetron. Nickel support wires are welded 
to the tungsten leads, which are brought through the glass seals, and there 
v^upport Avires are welded to the cathode. The main support for the 
cathode is the weld to the cathode-support flange. The weld to the 




(a) 

- Insulator (lavite) Cathode sleeve ( N i) - 



eyelet supplies some support but is essentially to make eonneetion to 
the heater. 

The axially mounted cathode structure for the 2J42 magnetron sho^^ n 
in Fig. 17-24 is typical. As with the radially mounted cathode, the order 
of assembly of parts will be given without the details of the individual 
operations for making the parts. 

1. The Kovar “heater connector“ rod is cut to the proper length 
and drilled to accept the heater. 
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2. The heater connector is beaded with 7052 glass in preparation 
for sealing to the cathode support/^ 

3. The hardened lavite insulators are slipped onto the rod and spol- 
welded into place with nickel tabs. 

4. The heater is put into the drilled hole of the Kovar rod and spot- 
welded in place. 

5. The screened cathode is copper-brazed to the cathode support. 

(). The r-f choke (copper) is ‘^BT” brazed to the cathode support. 

7. The assembled heater and heater connector are slipped into the 
assembled cathode sleeve and cathode support, and the glass seal 
is made by flowing the 7052 glass bead onto the Kovar tube. 
At the same time the Kovar tube is beaded in preparation for 
the seal to the pole piece. 

8. The heater is then spot-welded to the projection. 

9. The cathode is sprayed and made ready for mounting into the 
magnetron. 

10. At this point, one of two courses can be followed, depending upon 
the final magnetron braze. One is to glass-seal the cathode struc¬ 
ture into the pole piece and mount this assembly into the mag¬ 
netron. Another is first to braze the pole piece to the block 
and then make the glass seal between the pole piece and the 
beaded cathode support. This latter method of mounting is the 
one described in Sec. 17*3. 

Claiming and Coating the Cathode Sleeve.. —After the machining or 
brazing operations are completed upon the cathode sleeve, it is cleaned 
by the process outlined in Sec. 17-4; and from this time until the tube 
is completed, the cathode sleeve is handled Avith great care to prevent 
contamination that might inhibit cathode emission. It might be 
necessary, for some tubes, to rearrange the order of events or omit 
certain operations, but the following method of cleaning and coating the 
cathode sleeve is typical. 

After the sleeve has been cleaned by the process described in Sec. 
17-4, it is hydrogen-fired in a covered nickel tray at 900°C for ^ hr. 
The sleeve, the heater, and the supports are then assembled, with care 
to keep the sleeve free from contaminants. (If there is any question 
about cleanliness, the sleeve should noAV be rinsed in acetone and in clean 
methyl alcohol and then dried in clean warm air.) The cathode sleeve 
is then vacuum fired for 15 min at 1000°C. This can be done by using 
the heater to control the cathode-sleeve temperature or by r-f induction 
heating. (This step is sometimes omitted.) 

The cathode should be coated immediately after the vacuum firing. 
For plain-nickel-sleeve cathodes the coating is generally done by spraying. 
A De Vilbiss type* CH spray gun serves this purpose very well. As in 
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the case of heater spraying the air pressure (controlled l)y a De Vilbiss 
type HB air transformer), the fluid screw, and the spreader valve should 
be adjusted to give a cone-shaped cloud of uniform density. The coating 
should be sprayed onto the sleeA^e in thin uniform layers while the cathode 
sleeve is being rotated, until the desired Aveight of coating is deposited 
(usually 9 to 12 mg/cm‘^). During the spraying process the other cathode 
parts, particularly the end shields, must be protectc^d from the spray. 

A recommended BaSr(C 03)2 mixture is the J. T. Baker Manufacturing 
Company Radio Mixture No. 3 suspended in amyl acetate with a pyroxy¬ 
lin binder. Experimental laboratories may find it convenient to purchase 
small quantities of cathode-coating material from a commercial radio¬ 
tube manufacturer. The coating suspension should be rolled at a speed 
of 100 rpm for about \ hr to prepare it for use. The spray gun and 
auxiliary equipment should be cleaned frequently with acetone and 
distilled water. 

For screen cathodes or porous matrix of nickel cathodes, the coating 
is applied Avith a camel-hair brush Avhieh has previously been cleaned with 
acetone and distilled Axater. The first coat is appli(‘d as a very thin 
continuous film which barely covers the surface of the nickel. This is 
alloAA'pd to dry thoroughly, and successive layers of coaling are applied in 
the same manner until the screen or porous matrix is filled with coating 
material as shoA\m in Fig. 17-20. The cathode is finally mounted in the 
tube and processed according to instructions given in Sec. 17-7. 

Thorium. Oxide Cathode .—Barium strontium oxide cathodes frequently 
limit the average poAver of magnetrons because the back bombardment 
in these tubes overheats the cathode structure. Attempts have been 
made to develop emitting surfaces that Avill have satisfactory life at 
high temperature. Thorium oxide cathodes^ shoAv promise ior high- 
power magnetron operation. The poor adhesion of thoria to a metallic 
base^ or sintered metal surface^ is overcome by preparing a sinteri^d 
cylinder of thoria. The preparation of sinter(^d thoria cylindtus is 
outline d.'^ 

A uniform density of thoria poAvder is prepared by converting mantle- 
grade thorium nitrate into thorium oxide by heating in an air oven at 
600°C, fusing the resulting fluffy material in an electric arc, and finally 
crushing the fused thoria into a 200-mesh powder. The thoria powder 
is then mixed with thorium chloride to form a paste that can be molded 

1 Martin A. Pomcraiitz, "Thorium Oxide Cathodes,” NDUC 14-517, Bari el 
Research Foundation, Swarthmore, Pa., Oct. 31, 1945. 

* S. Dushinan, Rev. Mnd. Phys., 2, 423 (1930). 

® S. V. Forgue, RCA Kngineeriiig Memorandum PEM-4C, 1943. 

^ For detailed information on this process see C. D. Prater, "The Fabrication of 
Thoria Cathodes," NDRC Report, Bartol Research Foundation, Swarthmore, Pa., 
(June 1946). 
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into the desired shape. The thorium chloride in the molded ceramic is 
then converted into the hydroxide by placing it in an atmosphere of 
ammonium hydroxide for several hours. After removal from the 
ammonium hydroxide atmosphere and drying at room temperature, the 
ceramic is fired at about 1900°C in an argon atmosphere which converts 
the hydroxide to the oxide forming the bond between the grains of 
thorium oxide. Such thorium oxide cathodes give copious emission at 
1700°C (see Chap. 12). 

17-7. Tube Evacuation and Processing. —The interval between the 
final hydrogen firing of the tube parts and the evacuation of the tube 
should be as short as possible, in order to minimize oxidation and adsorp¬ 
tion of gases by the internal parts. Tube processing remains to some 
extent an art and for this reason is less standardized than any of the 
previous procedures discussed. The following schedule is given merely 
as a typical one that has proved satisfactory. 

After tlu' tube has been sealed onto the vacuum system, the mechani¬ 
cal pump is used to reduce the pressure to about 10“^ mm Hg before the 
dilTusion pump' (a three-stage oil-diffusion type) is turned on. This 
pressure^ can be estimated by the appearance of fluorescence on the glass 
whim touched with a spark coil. When the pressure of the system as 
read by tin* ifuiization gauge reaches 5 by mm Hg, a bakeout oven 
is low ered and turned on. As the tube begins to rise in temperature, the 
pressuri* will start to increase owing to the release of water vapor and 
gases from the various tube parts. When the bakeout-oven temperature 
reaches 450°C', it should be stabilized. The e.xhaust system should now 
be carefully torched. The bakeout-oven temperature is maintained at 
450°C until the pressure falls to 5 by 10“*^ mm Hg. When this pressure 
is reached, the tube should l)e allowed to cool. The pressure should 
decrease as the tidie cools, reaching about 5 by 10“^ mm Hg when the 
tube ridurns to room temperature. 

The tube is now^ ready for cathode processing. The cathode-binder 
residue is removed by increasing the heater power until the cathode 
tempei ature is about ()00°C. The cathode temperature is raised in one 
step to 900° or 1000°C and held at this temperature until conversion of 
the coating is complete. Caution should be exercised in tw^o ways at 
this point; (1) The cathode temperature should not rise above 1100°C, 
because the coating will start to evaporate from the sleeve. (2) If the 
heater voltage for conversion is higher than the CO 2 ionization potential 
(about 15 volts), a ballast should be inserted in the heater circuit to 
prevent arcs that w ould burn out the heater. During the conversion 
of large cathodes, the pressure may rise so high that it may be necessary 
to turn off the ionization gauge; in fact, the force pump may sound as 
' Diwlillation Pro^liicts, Inc., Vacuum Equipment Division, Rochester 13, N.Y. 
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though it has just been turned on. If the conversion from carbonates to 
oxides is done properly, the pressure should fall rapidly at the end of the 
process, and at this point the heater power should be reduced until the 
cathode temperature is about 850°C. 

When the pressure has returned to 5 by 10“® mm Hg, activation of 
the cathode is begun by drawing a small amount of d-c current from the 
cathode. A burst of gas may be observed when d-c current is drawn; 
this gas may come from the cathode but is more apt to be ejected from 
the anode block by electron bombardment. The d-c plate voltage is 
raised slowly until the tube draws 25 ma/cm^ and the pressure falls 
below 5 by 10“^ mm Hg. At no time during the activation process should 
the pressure be allowed to rise above 5 by 10“® mm Hg. 

When there is little change in pressure with changes in d-c plate 
voltage and the pressure remains below 5 by 10“^ mm Hg, the tube is 
ready to be operated. The electromagnet is moved into place; the field 
is set for low-voltage operation; and the voltage (pulsed or c-w) is applied. 
The voltage is increased slowly to avoid excessive sparking and to allow 
time to pump off the gas expelled from the anode block because of high- 
energy-electron bombardment. Oscillation of the magnetron should 
be continued until the tube operates stably up to the desired operating 
input voltages. 

When the processing and outgassing are complete, the tube should 
be allowed to cool to room temperature. The pressure at seal-off should 
be about 2 by 10““^ mm Hg. 

17-B, Examination of Metals. —In vacuum-tube construction, one 
error or defect unless detected at an early stage usually results in a 
worthless piece of metal and glass. A major source of trouble is impurifi- 
cations in the basic materials. For this reason systematic and careful 
examination of these materials is almost a necessity to successful tube 
production. 

Some common faults found in the metals used in tube construction 
should be mentioned. The copper may contain grains of CuzO which 
often results in porosity after reducing and oxidizing heat cycles. Tung¬ 
sten and molybdenum may be brittle or contain cracks that cause vacuum 
leaks or broken heaters. Certain batches of Kovar are also prone to 
develop cracks. Careful inspection of these metals is thus a necessity 
if excessive shrinkage is to be avoided. 

Although copper may be labeled OFHC (oxygen-free high-con¬ 
ductivity) because it has been put through a deoxidizing process, it may 
in fact not be oxygemfree by the time it reaches the tube maker. This 
O 2 taken up may result from the drawing operation that is done after 
the deoxidizing process and during which copper-oxide scale is drawn 
into the copper bar. In this case the bar may be satisfactory on one 
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end and unsatisfactory on the other. Because the copper surface may 
oxidize while standing, the outer layer of a bar should always be turned 
off. 

Non-OFHC copper can often be detected by its appearance after a 
soldering operation in an H 2 atmosphere. One sign, although not 
definite, is that the ^'BT^' solder is usually almost completely absorbed by 
the copper, and any fillets of solder that may occur are also copper- 
colored. Another indication is a peculiar orange color and granular 
structure of the copper, although this sometimes is also noticed on OFHC 
copper, especially when it is overfired. One of the most obvious traits 
of nonoxygen-free copper is that it expands under heat and does not 
resume its original size upon cooling. After H 2 firing at 800°C, non- 
OFHC copper shells 2^ in. OD measure from 0.010 to 0.018 in. greater in 
diameter than before firing. OFHC copper, on the other hand, returns 
to within 0.001 in. of its original measurements. 

The ‘‘bend test^' is often employed to distinguish between “good^^ 
and “bad’^ copper. After H 2 firing at 800°C, wire or thin strips of 
“bad” copper are very brittle and will break at the first attempt to 
bend them through 90°. “Good” OFHC copper will take at least four 
90° bends in alternate directions after this treatment. This test is 
rather definite but cannot be used on heavy stock. 

Most cracks and splints in wires and rods of tungsten and molybdenum 
can readily be seen under low magnification. Brittleness, especially 
after firing, is an inherent fault of these metals, but there are wide 
variations of degree. Tungsten rod that has been heated by a torch in 
air is much more brittle than the same rod fired in an H 2 oven. Also, 
tests made on 0.080-in. tungsten rod showed that after H 2 firing, wide 
differences existed as to brittleness among rods of the same lot of metal. 

Cracks in Kovar result when unannealed pieces of the metal are 
soldered with a silver alloy in an Hz oven. They appear to be caused 
by the solder entering the grain boundaries of the Kovar as the stresses 
in the latter are relieved by heat. The cracks may be seen under a low- 
power microscope and in most cases even by the naked eye. In order 
to prevent these cracks, all Kovar should be annealed before it is soldered 
into assemblies. 

The most definitive test for copper containing CuzO is microscopic 
examination of a polished and etched sample. One can detect the 
presence of CuzO not only by looking for the CuzO inclusions but also 
by studying the crystalline size, for the presence of CuzO will inhibit 
crystal growth. 

Samples can be prepared in the following manner: A small piece 
of the copper under suspicion is cut from the billet. If the examination 
is concerned with grain structure, the sample is then annealed in an Hz 
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oven at 800®C. The copper is not annealed if detection of CuzO grains 
is desired. The metal is mounted in a molded bakelite^ cylinder to 
facilitate holding it during the polishing operations, which must be 
carried out with some care. Beginning with a coarse abrasive such as 
No. 320 Aloxite doth, progressively finer ones are used until the final 
polishing is done with a very fine alumina solution on Miracloth. These 
polishings should be done on a slowly rotating wheel, and care should be 
taken not to carry over any abrasive from one stage to the next. Polish¬ 
ing should continue until no scratches are visible at a magnification of 
200 diameters. 

If one Avishes to study the grain structure, it is necessary to etch 
the surface of the copper after the polishing has been completed. If 
one is looking only for CuzO inclusions, etching is not necessary or desira¬ 
ble, because the reagent may destroy the inclusions. Under microscopic 
powers of 200 to 500x CuzO appears as small particles with a distinct 
bluish color. Their presence indicates that the copper will become 
porous when fired in an Hz atmosphere. To develop the grain structure 
of the copper, an etch of equal parts of NH4OII and H 2 O 2 is applied to 
the specimen with a soft cloth. Only fresh solutions of this reagent will 
etch satisfactorily. Because the polishing process usually alters super¬ 
ficially the grain structure of the metal, it is good practice to etch lightly, 
tluui polish off this etch on the last AA^heel, and repeat this process until 
one has taken off the altered surface. Tavo etching and polishing cycles 
are usually sufficient to do this. 

A specimen of OFHC copper that has been II 2 annealed and etchtul 
is shown in Fig. ]7-25a. Note the A^ery large, rather regidar grains Avith 
boundaries sharj) and free from pits or inclusions. Figure \7-25h shoAvs 
a sample of nonoxygen-free copper after Hz annealing. Note the small 
irregular grains with boundaries badly pitted and literally blown apart 
by the decomposition of the CuzO by Hz. These '"blasted’" grain 
boundaries cause the porosity in nonoxygen-free copper. 

‘ Molding prt'sscs r:ui be obtained from Adolphe I. Buehler Metullurgieiil Appa- 
niiiis, Wicker Drive, Cliicago 1, Ill. 
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By M. a. Herlin 

Two classes of measurements are made on magnetrons, both of whitdi 
are essential to the completion of a practical design and as a basis for the 
understanding of the operation of these tubes. Measurements performed 
on the nonoperating magnetrons and involving the use of signal generators 
constitute one class and are here referred to as ^'cold measurements.^^ 
These are considered in the first part of this chapter. The second class, 
here referred to as operating measurements,^' is concerned Avith tech¬ 
niques for obtaining data from operating magnetrons and is the subject 
of the second part of this chapter. 

lB-1. Test Equipment Components. —Cold-resonance experiments are 
performed Avith a number of basic pieces of equipment which may be 
combined in a variety of ways to yield information. These pieces are 
(1) a source of microwave poAver tunable over a wide frequency range 
and of moderate poAVer output (of the order of milliwatts), (2) a Avave- 
meter to measure the frequency of the power used, and (3) various probes 
and detectors designed for sampling and indicating the distribution and 
intensity of r-f energy in the components under test. 

Microwave Signal Generators .—The most convenient microAvave 
signal generators are reflex klystrons. The poAver output is supplied 
either into a coaxial line or a waveguide as desired. Once the generator 
is set up, the only adjustments to be made are frequency and reflector 
voltage. The reflector voltage is a partial control on the frequency 
and can be used to tune the oscillator over a narroAV frequency range by 
electronic sweeping. Special wide-range cavities arc available Avhcrc 
large mechanical tuning ranges are needed, but in general these cavities 
are inconvenient to operate. A comprehensive discussion of these tubes 
is found in Vol. 7, Radiation Laboratory Series. 

Wavemeters .—Wavelength measurements are made Avith some form 
of tunable resonant cavity in Avhich the mechanical motion of the tuner 
is calibrated in terms of wavelength or frequency. Two methods of 
resonance indication are available. In the absorption method, a single 
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coupling loop or other probe is connected to the power source, and a dip 
in the power output as seen on a meter indicates resonance of the wave- 
meter cavity. In the transmission method, two coupling loops or other 
types of probe are coupled into the cavity to form a filter that transmits 
power only at the resonant frequency of the wavemeter cavity, and this 
power is indicated on a meter. A coaxial wavemeter and hollow-cavity 



Fiii. IS l.—Miprowave wavcmeters. (a) S-band; (b) X-band. 

wavemeter are shown in Fig. 181. A qualitative indication of power is 
obtained by means of a crystal detector connected to a microammeter. 
A precaution to be observed here is to provide a d-c return path for 
the crystal current in addition to the r-f connection to the power source. 

Probes and Detectors .—At the longer wavelengths the coupling loop 
is most often employed to sample power from a cavity. A typical 
coupling loop is shown in Fig. 18-3a. The threaded length of tubing 
provides a convenient mechanical means of fastening the loop into the 
metal wall of the cavity, and a connector on the opposite end provides for 
transmission of the power into a coaxial line. The coupling loop is so 
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arranged in the cavity that lines of magnetic flux thread the loop. Figure 
18-3b shows two capacitive probes. They are placed so that lines of the 
electric field terminate on the probe. For short-wavelength devices, such 
as the X-band wavemeter illustrated in Fig. 18-lb. the coupling into the 



Crystal 

Fig. 18-2.—Schematir drawing of tiaiisimsMoii method Joi resoiiant-vi avelengtli niea^iiie- 

iiieiit. 
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(a) (6) 

Fig. 18-3a and h .—Cavity coupling loop and probes. 

waveguide may be made through a small coupling iris. In selecting 
the correct size of any of these coupling devices, the prime consideration 
is to reach the proper compromise between keeping the perturbation 
small so that the operating conditions are not changed appreciably 
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1 iG 18 4a —Waveguide standing-wave detector. 



Fig. 18 4b.—K-band staiiding-wave dotectoi. 
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during the measurement and coupling out sufficient power to give a 
positive reading. 

A special instrument for measuring the properties of standing waves 
is the standing-wave detector. The type of detector shown in Fig. 
18-4ci is used at wavelengths of about 3 cm. A length of the slotted sec¬ 
tion is fitted with a small capacitive probe, and the power coupled out by 
this probe is then run into a crystal, spectrum analyzer, or other device for 
detecting it. The mounting of the probe is movable, so that variations 
in the power may be observed along the length of the slot. The one shoAAm 
in Fig. 18-4b is for precise measurements at wavelengths of about 1.25 cm 
and has an iris pickup. Together with the indicating device, the stand¬ 
ing-wave detector provides a measurement of the standing-wave ratio in 
the transmission line and the position of the voltage minimum. These 
two quantities can then be used to calculate the impedance terminating 
the line, as will be shown in Sec. 18-3. 

The spectrum analyzer has proved to be a satisfactory indicator for 
use with the standing-wave detector in cold-measurement work where 
high standing-Avave ratios are to be measured. The data arc presented 
on the screen of a cathode-ray tube. The horizontal sweep provides a 
baseline along which the frequency is varied several megacycles, and the 
vertical reading shoAvs power being fed into the analyzer at a given 
frequency. Inserted in the input line is an attenuator calibrated in 
decibels by which the relative intensities of two signals may be measured. 
A wavemeter is also attached to the analyzer connections. For a mort* 
detailed discussion of the equipment mentioned above see Vol. 14, 
Radiation Laboratory Series. 

lB-2. Cavity-wavelength Measurements.—Of particular concern here 
is the determination of the resonant Avavelengths of the resonant system 
of a magnetron anode block. Magnetron work, however, involves the 
use of a variety of cavity resonators for various applications, and the 
method here described may be applied easily to these other cases. 

Transmission Method .—In the transmission method of measuring 
resonant wavelength, tAvo probes are placed in the cavity at appropriate 
points. In the magnetron the magnetic flux threads through the backs 
of the individual oscillators along the length of the tube, and coupling 
loops may therefore be placed in a plane perpendicular to the axis of 
the magnetron, as illustrated in Fig. 18-5. Because of the various 
configurations of electromagnetic field encountered with the different 
resonant modes of the magnetron, it is desirable to place the loops in 
oscillators that are diametrically opposite. This provides coupling 
to most of the modes and particularly to the more important ones. If 
all modes are being measured, it is well to run through the experiment 
AA ith two different positions of one coupling loop. 
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Resonance is indicated in the same way as it is in a transmission 
wavcmeter (see Sec. 181). One loop feeds into a crystal and meter, 
while the other receives power from the signal generator. When the 
signal generator is timed to the resonant frequency of the cavity, power 
is transmitted through to the crystal and produces a deflection of the 
meter. 



Tiu. 1 S-.5.—Anode hloL^k showing coupling loops suitable for resoiiancB-wavelejigth niBasure- 

m Biit. 

Connected to the input coupling loop are also a monitoring crystal 
and meter and an absorption wavemeter. The monitoring meter gives a 
continuous check on the signal generator output and also shows the power- 
dip when the wavemeter is used. This arrangement is shown dia- 
grammatically in Fig. 18-2. 

The procedure is to tune the signal generator through the desired 
frequency range Avhile ivatching the monitoring meter and the resonance- 
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indication meter. When resonance is reached, the ^^avelength is 
measured. 

Absorption Method .—In the absorption melhod, use is made of a magic 
T or directional coupler and the eleetronie Irequeney sweep available 

u ith velocity-modulated micro¬ 
wave oscillators. This mt'lhod 
has the advantage of fast presen¬ 
tation of data and needs only a 
single coupling loop or probe. 

In the explanation of the use 
of the magic T for this purpose, 
reference is made to Fig. 18‘(i. 
Arms 1 and 2 are tapped respec¬ 
tively into the E and H plane ol a 
waveguide. From symmetry con¬ 
siderations, it may be seen that 
a V ave incident from one of thest' 
arms (for example, 1) divides and 
travels in both directions down 
the guides (3 and 4) while no 
disturbance is transmitted to Arm 2. However, if the guide in one 
direction is not matched, a reflected wave will return and part of it will 
enter Arm 2. The arrangement of the equipment is shown in Fig. 
18'7ci. One end of the guide is terminated in a match, and the other 



Fiq 18 6. Magic T 



Fid. 18-7.—RpHonanco indicator setups. 


Directional Cavity being 
coupler studied 



(a) Magic T, (6) dirprtinnal roupliM 


is connected to the magnetron or other resonant cavity to be studied 
A large signal is then reflected from the cavity off-resonance; but when 
resonance is reached', some of the energy is absorbed in the cavity and 
the signal is reduced. If the signal frequency is swept in synchronism 
with the horizontal sweep voltage of an oscilloscope while the crystal 
current detected in Arm 2 is applied to the vertical amplifier, an absorp- 
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tion dip will be seen on the screen as the frequency is swept over a band 
including the resonant frequency. 

A directional coupler may be used similarly. Reference to Figs. 
18-75 and 18-8 shows that a wave incident on the cavity divides at the 
two side openings separated by a distance equal to and a small 




amount is sampled at each and passes into the side chamber. There 
the energy again divides at each opening, and half travels in each direc¬ 
tion. The half going in the direction of the incident poAver adds and is 
dissipated in the matched load; that in the opposite direction cancels so 
that there is no crystal current. The opposite is true, however, for 
the wave reflected from the cavity; no energy from this wave goes toward 
the match, but a wave is transmitted to the crystal. The directional 
coupler therefore behaves in the same way 
as the magic T in this application, and 
they may be used interchangeably. 

The magic T or directional-coupler 
setup may be used to measure standing- 
wave ratio with the aid of a variable 
transformer, as Avill be described in the 
next section. 

A circuit diagram showing typical con¬ 
nections for sweeping the reflector voltage 
of the signal generator is shown in Fig. 18-9. Adjustment of the reflector 
voltage moves the trace to the right or left, and adjustment of the 
magnitude of the sweep voltage varies the amount of sweep. 

lB-3- Measurement of Standing Waves. —For cold measurements on 
magnetrons, standing-Avave technique is of great value. The usefulness 
of this technique consists in the fact that it affords a method of measuring 
impedances at microAvave frequencies Avhere voltmeters and ammeters are 
out of the question. Use is made of the following property of the 
transmission line, namely, that the terminal impedance completely 
determines the standing-wave pattern in the line, which in turn is 


“=" To refleclor 


Fig. 181 ).—UefltM’tor sweep eir- 
fruit. (A) To plate of gas dis- 
chfirge sweep voltage generator 
tube in oscilloseope. {B) To re¬ 
flector voltage svipply. 
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characterized by two easily measured quantities: the standing-wave ratio 
and the position of the minimum voltage point. 

Transmission-line theory gives the relationship between the two 
quantities specifying the complex impedance, and the two quantities 
specifying the character of the standing wave. These relationships are 
available in convenient form as circle contour charts giving the trans¬ 
formation from minimum position and standing-wave ratio to resistance 
and reactance or from resistance and reactance to minimum position and 
standing-wave ratio. 

The transformation from standing-wave measurements to terminal 
impedance is made with the aid of the complex reflection coefficient q. 
Ordinarily the transmission line propagates only one mode, so that the 
field in the line is given by the linear superposition of two waves traveling 
in opposite directions. Their relative size and phase are such that the 
voltage-to-current ratio of the sums corresponds to the terminal imped¬ 
ance. If a voltage wave is given by the expression 

the corresponding current wave is 




where To is the amplitude of the incident wave; j0 = 27r/Xg = w/c is 
the imaginary part of the propagation constant, which is purely imaginary 
because the line is considered lossless; x is the distance measured from 
the point where the impedance is considered to be located, and Zo is 
the characteristic impedance of the line. The ratio V/I^ evaluated at 
X = 0, is the terminal impedance Z^; hence 


Z 0 


= Zi = 


1 + 

T - 


7 

- j 


where Z\ is the so-called ''normalized” terminal impedance, 
for q, 

Zi — 1 

^ 27+y 


Solving 


( 1 ) 


The impedance at any point in the line is given by the expression 


1 — 


Here may be regarded as the reflection coefficient of the length 
X of line terminated in the impedance Zi, There is, then, a 1-to-l cor¬ 
respondence between reflection coefficient and impedance, and the 
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reflection coefficient merely changes in angle through the factor 
with movement away from the load along the line. 

The complex transformation in Eq. (1) may be plotted on the complex 
f/-plane in polar coordinates. The result is known as the ^SSmith chart'' 
on which contours of constant resistance and reactance are circles. 

The standing-wave ratio, the measurement of which is described 
below, is defined as the ratio of the maximum to the minimum voltage 
(or current) in the line. Along the line the maximum voltage will occur 
at the point Avhere the reflected wave is in phase with the incident wave, 
and the minimum voltage occurs where they are out of phase. Thus 
the standing-wave ratio p is given in terms of the magnitude of the 
reflection coefficient as 


^lii 

1 - i<?i 


Thus, the magnitude of the reflection coefficient is obtained from the 
measurable standing-wave ratio. 

The angle of q is obtained from the position of the standing wave in 
the line. As the minimum-voltage position is sharp, it provides the 
most accurate measure of the position, or phase, of the standing wave. 
The minimum position occurs at the yjoint x in the line where the imped¬ 
ance is real and minimum. From Kq. (2) this will occur when 
^i2§x^i9 — where 6 is the angle of the reflection coefficient, or 


0 = TT — 2f3Xmm ± 2/l7r, (4) 

where n is an integer or zero and x,„ia is the minimum position. 

The dual relations giving i//, the normalized terminal admittance, are 
given by noting that when zi = \/yi is placed in k]q. (4), then 


- yi 
1 + yi 


Thus, a point on an impedance chart rotated through tt radians yields 
the admittance point. The above relations may then be used for admit¬ 
tances if tliis substitution is made. 

Standing-wavv Mvasurtment with Standing-wav^ Detector .—The appa¬ 
ratus necessary for standing-wave measurement consists of the following 
pieces of equipment connected in tandem: a signal generator, a padding 
attenuator, a standing-wave detector, and a terminating load whose 
properties it is desired to study. A wavemeter is also connected 
somewhere between the signal generator and standing-wave detector 
vmless wavelength measurements are made on the spectrum analyzer. 
From the standing-wave detector the signal is fed through a flexible 
coaxial line to the spectrum analyzer. Two or three tuning screws 
in the line near the attenuator provide a means of clearing up bad opera- 
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tion by changing the load into which the signal generator feeds. A stub 
tuner in the cable leading from the probe to the spectrum analyzer may 
be used to maximize the signal strength. 

In operation, the traveling probe is set at the point Avhere minimum 
signal is shown by the pip height on the spectrum-analyzer screen. The 
scale reading on the standing-wave detector is then noted. The probe 
is then moved to the point where maximum signal is seen, and the 
attenuator on the spectrum analyzer is turned until the pip height is the 
same as it was on the minimum reading. The standing-wave ratio is 
obtained from the two attenuator settings. This operation is usually 
repeated over the band of frequencies of interest in the particular meas¬ 
urement, the frequency or wavelength being noted at each point with 
the aid of the wavemeter attached to the spectrum-analyzer connections. 

The spectrum-analyzer attenuator may be calibrated if necessary 
by comparing its reading with the known variation of field in a short- 
circuited transmission line and utilizing the fact that a sinusoidal pattern 
results which has minima separated by half a guide wavelength. 

Standing-wave Measurement with Absorption Resonance Indicator ~ 
The magic T or directional coupler arranged as a resonance indicator 
(Sec. 18*2) may also be used to determine the SWVR at resonance. 
If the standing-wave ratio at resonance is unity, the reflected wave from 
the cavity will be aV)sent resulting in a zero reading at resonance on the 
trace. Quantitative measurements of the standing-wave ratio at 
resonance are possible by introducing a calibrated transformer of variable 
transformation ratio and variable phase into the line coming from the 
magnetron. Such a transformer is shown in Fig. 18’10. It takes the 
form of a tuning screAV on a slotted section mounted in the same manner 
as the traveling probe of the standing-wave detector descrilxul earlier. 
The depth of the tuning screw is read on the dial indicator. Choke 
joints on the screw and on the traveling section prevent power losses 
from contacts and from coupling power out of the waveguide into the 
outside space. The screw introduces a transformer action, the trans¬ 
formation constant being the voltage standing-wave ratio or its reciprocal 
(depending on the phase) which would be vSet up by the screw in a matched 
line. This constant can be measured for various readings of the dial 
indicator by means of the standing-wave-detector setup described above 
and in Sec. 18-5. When used in this way the transformer is adjusted in 
phase and transformer constant until a match is indicated on the oscillo¬ 
scope trace. The value of the standing-wave ratio at resonance can 
then be obtained from a previous calibration of the dial indicator. 
Standing-wave ratios off-resonance also may be measured in this way, 
but the value at resonance is usually of greatest interest. 

It may be noted here that the standing-wave ratio at resonance is 
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the only quantity needed to compute the circuit efficiency of the ordinary 
resonant circuit, and the absorption-resonance indicator with the adjust¬ 
able transformer thus provides a rapid method of measuring circuit 
efficiency. 

Another application of the standing-wave measurement described 
above is to the preloading of loop-coupled magnetrons. The difficulty 
of adjusting the load on a magnetron within close tolerances in production 



l''iu. 1810 .—Adjustable traiisfornu'r. 

is overcome by this procedure, and small-scale laboratory use is also 
helpful. As will be shown later in the discussion of Q-measurements. 
the standing-wave ratio at resonance, which may be measured rapidly 
as described above, is simply the ratio of the unloaded Q to the external Q 
of the cavity. If the unloaded Q can be controlled within sufficiently 
close tolerances, then the external Q may be monitored directly from the 
resonance standing-wave ratio. Adjustment to the correct value is 
made easily with the continuous visual presentation of data on the screen 
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of the oscilloscope. The unaltered unloaded Q of the cavity, which in 
practice ordinarily falls within a 10 per cent scatter range, may then be 
used as a standard load for comparison with the external load, or lossy 
material may temporarily be introduced into the cavity in a controlled 
way. If the unloaded Q is reduced to the desired value of the external 
Q, the variable transformer on the indicator setup may be eliminated with 
considerable simplification of the procedure. 

lB-4. Field-pattern Measurements.—^ The measurement of the field 
pattern of a magnetron-resonator system may be conveniently accom¬ 
plished with the use of a rotary probeJ Such pattern measurements 
are useful for mode identification and for studies of the effect of asym¬ 
metries in a magnetron on the field patt<'rn seen by the electrons. 



Fni. 1811 .— H(itary-i)roht* assembly. 


The rotary probe consists of a small capacitive prpbt' mounted on :i 
cylinder that occupies the space in the magnetron normally filled by the 
(lathode. As the cylinder rotates, the variation of the prolie current 
with angle provides a picture of the electric-field intensity at various 
angles. The field strength is shown in terms of a crystal current read on 
an oscilloscope whose horizontal-sweep voltage is synchronized Avitli 
the rotation of the probe. The ai'rangeinent is shown schematitrally in 
Fig. 18T1. Interpretation of the pattern should take into account the 
fact that the crystal current is a function of the absolute value of the fiehl 
only. Therefore, in the pattern of the 7 r-mode, the alternate positive 
and negative fields appear as positive currents. In Fig. 18T2a is shown 
the actual field pattern of an eight-oscillator magnetron oscillating in the 
TT-mode, and in Fig. 18T2b the corresponding current pattern seen on 
the oscilloscope is given. For this number of oscillators the 7r-mode 

^ This method was first suggested to the lladiatiun Laboratory by the Westing- 
liouse liesearc’h Laboratories at Pittsburgh, Pa. 
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corresponds to n = 4, and the number of peaks is seen to be equal to 2n. 
This relationship holds for all the modes. 

A special phenomenon is observed with longitudinal variation of the 
probe position in strapped tubes. The presence of one strap nearer to 
the interaction space than the other at the end of the tube causes tln^ 
field of the alternate metal tips to which that strap is attached to pre¬ 
dominate. The actual field is then altered as in Fig. 18-12c, the cor¬ 
responding crystal current being given in Fig. 18T2d. The degree 
to which the alternate tips are raised or lowered for off-center positions 





Fi(3. IS- 12.—Fiflil piitttMii.s iiiid tliiMT prrsRiitation b,v a prabe. (ri) Ideal field 

pattLM'ii; (/>) iKscilloHi'ope j)u,tterii ri)ri e.sj)[)ndiiig tu («); (c) field pall.erii diatoited by 8trap; 
(rf) Dscillo.sciipe pattLM ii lujirespojidiiig to (c). 


of the probe is an indication of the degree of field distortion due to 
strapping. 

It frequently occurs that two modes are so closely spaced that they 
are both excited at the same time. The resulting pattern is then a 
combination of the two patterns and may be difficult to interpret. 

Details of the equipment are shown in Fig. 18T3. A variable-speed 
motor rotates the probe. The motoi' should be run by direct current so 
that hum picked up from a-c fields Avill not decrease the sensitivity of the 
electrical system. Attached to the probe shaft is a small magnet which 
with each rotation passes by a fixed coil on a yoke and thus induces a 
synchronizing signal which is connected to the external synchronization 
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post on the oscilloscope. The probe is removable so that various sizes 
may be used according to the requirements of the problem. The crystal 
is contained inside the probe barrel, and the current is taken off the top 
of the probe by means of a brush. The platform to which the magnetron 
is clamped is movable vertically so that longitudinal studies of the pattern 
can be made. 

The signal from the brush must be amplified about om^ hundred 
times before it is strong enough to show on an oscilloscope of ordinary 
sensitivity. The amplifier must be capable of good low-frequency 
response, since slow rotational speeds are necessary to minimize brush 



Fi[j. 18’13.—Rotary-probe setup. 


noise. A high-frequency response of about (iOO cps is sufficient to show 
the individual peaks. Phase as well as amplitude distortion in the pfiss 
band should be low. 

The magnetron may be excited by means of a single coupling loop 
fed from a signal generator. If the mode spacing is wide, a large loop 
may be used; but if not, the overlap of modes must be minimized by 
keeping the loop small. Extremely large loops should not be used 
because they tend to distort the pattern. If the signal strength is too 
small, it is frequently necessary to insert a double-stub tuner at the 
coupling loop so that maximum power may be coupled into the tube. 

A variation of the method of handling the signal, developed at 
Westinghouse, makes use of a modulated oscillator. The r-f signal 
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['xciiing the magnetron is modulated with a square-wave modulator of 
fundamental frequerujy F, and the highest frequency of the pattern under 
study is /. "J'he sideband frequencies ai’e then F ± /, and a bandpass 
filter containing these would provide an envelope pattern corresponding 
I o the line pattern given by the other arrangement and yet would elimi- 
nat(‘ coiisidiirable brush noise. 

18-B. Measurement of Q. —The adjustment of the r-f load of the 
magnetron is based upon the measurement of Q's, as is the determination 
of internal copper losses through whicli problems relating to circuit 
efficiency are solved. T\m usual definition of Q is adopted here, that is, 
the ratio of the stored energy to the energy dissipated per radian. It 
has been found c.onvenient, however, to divide the dissipated energy into 
two categories: energy dissipated in the external load and energy dis¬ 
sipated as internal copper losses of the resonant cavity. The Q account¬ 
ing for the former is called the ''externar’ Q and lor the latter the 
“unloaded” Q. In addition, reference is made to the Q accounting for 
the entire loading of the cavity, the “loaded” Q. From the definitions, 
the following relationship is written between these quantities: 




J- = J- 

Q. ~ Ql 


where Qu is the unloaded Q, is the external Q, and Ql is the loaded Q. 
Th(‘ problem now is to measure these quantities. 

The Lawson Method — An accepted procedure for measuring these 
Q\s is the Lawson method. The detailed discussion of this procedure is 
introduced by a brief review of the theory. 

Reference will be made to a simple parallel-resonant circuit, the 
equivalence of which to the cavity near one of its resonant modes has 
been justified both theoreti(;ally and experimentally for rather general 
conditions. It has been shown (Sec. 18-3) that the impedance or admit¬ 
tance terminating a transmission line may be measured in terms of the 
position of the voltage minimum and the standing-\vave ratio of the 
wave in the line. In order to utilize admittance measurements to 
measure Q, use is made of the facts that energy storage in a resonant 
circuit is proportional to the slope of the susceptance curve vs. frequency 
and that the energy dissipated is obtained from a knowledge of the 
conductance representing the copper losses. 

In terms of the equivalent circuit, a voltage can be applied to 

the terminals, where wn is the resonant radian frequency; that is 
ton = l/\/LC. The energy stored at resonance is constant throughout 
the cycle so that it may be evaluated at the time when the voltage is 
instantaneously maximum and the current thrdtigh the inductance is 
zero. The stored energy is then iCT". But C is given by i{dB/du})Q, 



714 MEASUREMENTS [Skv. 18-5 

where the subscript denotes resonance. The stored energy is therefore 





It is possible to show directly from Maxwell's equations that this 
relation holds for most microwave resonant cavities near a single resonant 
mode even though the lumped constants L and C lose their direct physical 
significance. The Q of the cavity is then given by the expression ^ 

^ 4 \du} / 0 /(iR\ cjo / 

^ “ 1 y, (f ~ ^ \^/n “ 2g 
2 cjd 


where g and b are the normalized values of G and B. If gu represtmls 
internal losses, tlie separate Q's are 


Qr; — 




Ql = 


_ 

2(1 + .7o) 



(7) 


It is seen that measurement of the Q's resolves itself into measurement 
of tui), P' 0 , and {db/db))Q. The quantity coo is easily determined as previously 
described; but as it comes from the data required for the other two 
quantities, a separate determination of the caAuty resonant frequency 
is not necessary. 

The measurement of the slope {db/dw){) is ordinarily made in terms of 
the half-power points, the frequencies at which |?^1 = g^ + 1, or the 
susceptance is equal in magnitude to the total conductance connected to 
the cavity, including the matched transmission line. If these radian 
frequencies are denoted by wi and wo, 


Ql 




( 8 ) 


since db = 2(1 + g) for dcj = [wi — W 2 |. 

The problem is noNV to measure wi and tij 2 and po. These may be 
obtained from curves of measured standing-wave ratio and minimum 
position plotted against wavelength. Two cases arise Avhich Avill be 
discussed separately. 

Case 1, po < 1-—If the loading due to internal losses is less than 
the loading by the transmission line, curves of the shape indicated in 
Fig. 18T4 result. Using Eqs. (3) and (5), the standing-wave ratio at 
resonance is po = 1/po, whereas at the half-power points, where 



Ski’. IBS] 


MEASUREMENT OF Q 


715 


pi,2 


Keplacing po by 1/po, 


Pl.2 


yi = go ± i(p i) + 1 ),_ 

- V(l ^ 


(Uri 1 


(D/i I 


Bcciuisp Eq. (9) exprp.s.sp.s p,.j in trrms of po only, Xi and X 2 may be deter- 



X 2 X Q X j x~^ 


I'll!. lH-14. C^-iui \ i-h fi)i iiijiilD.s.sy i’a.so 
(l/n < 1). 


minod from the standing-wave ratio 
nirve alone, as is go- The proeess 
is illustrated in Tig. 18-14. Equa¬ 
tion (8) is plotted in Fig. 18-15. 
Ql is determined from l]q. (7), and 
the other Q's are given by 

Qv = QiX^ + Po), 

Qk = —• (10) 

Pn 

Although it is possible to deter¬ 
mine the Q’s as described above from 



SWR at res. in db 


I’lc. lS-15.—Lawson rurves. 


the standiiig-A\ ave ratio curve alone, it is frequeiitl}" more accurate to 
make use of the minimum-position curve. The value of must still 
be determined from the standing-wave ratio at resonance as before, 
but the half-power wavelengths are taken from the minimum-position 
curve. Since the niinimum position is determined by the angle of the 
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reflection coefficient, the problem is to compute the angular shift in 
q or dj from resonance to the half-power points. At resonance 0 = 0 
because the load admittance yi = go < 1. At the half-power points 
where b = ± (1 + po), 

e = Ae=+ tan-‘ I + tan-‘ = + ftan-‘ + l)- 

I - gn I + 9\) \ 1 - p,) 4/ 

From Eq. (4), AO = —2l3Ad = — 47r(At//X;;), where Ad is the minimum- 
position shift from resonance to the half-power frequency. Substituting 
the value for AO and po = l/^u, 




± 



tail 


-i ± 1 


Pi) 



( 11 ) 


The positive sign correKspomls to the high-frequency side of resonance 
for by Eq. ( 0 ) the slope of tin' h against oj-curvt' is jiositive (T' being 
positive), and the positi\'e sign corresponds to positive b. It should be 
noted that the minimum position shifts toward the load with increasing 
frequency wht'n go < 1 , a fact that will be used to identify this cast^ when 
it is subsequently shown that the opposite is true when gn > 1 . 

Equation (il) is plotted along with pi .2 against pu in Fig. 1815. 

Case 2, gn > 1.—This case occurs less fretpu'ntly, extu'pt at low 
Avavelengths where small cavity dimensions lead to high losses, because 
the condition gn > 1 implies that the internal losses are gitaiter than the 
powder delivered to the matchf'd transmission line. Tlu' standing-Avave 
ratio at resonance is pn = gn instead of \/gn as l)eft)re. l^A[uatit)n (Oa) 
Avas derived by putting yi = gn ± jigi) + 1) in Eip (5), then putting 
I 7 I in Eq. (3). Thus, Eq. (Ga) holds for tlii‘ pii'sent cast' as well, and it 
wdll be seen that replacing go by l/r/n leaves lap {[hi) unchanged, and 
therefore Eq. also holds. 

The minimum-position shift is sliglitly more conqilicatcMl. At 
resonance, yi = gn is greater than 1, and hence fiM)in Va\. (1) 6 = tt. 
Then Eq. (11) subtracti'd from 7 r/ 47 r = E with pu replacred by \/pn, 
reverts to the same E(p (11) Avith the sign reversc'd and i\; I'ephuanJ by 
TTT- As the positive sign then corresponds to the low-frequency side of 
resonance, this case is identified by a minimum-position shift aAvay from 
the load with increasing frequency. The ]^avv^son curve's for half-power 
point standing-Avave ratio and minimum-position shift therefore aie 
applicable to both cases. This latter case is sIioaaui in Fig. 1 810. 

Equations ( 10 ) are altered by replacing po by l/pu. 

Referring to Fig. 18-14, the resonant Avavelength may be taken from 
either curve, as it is the center of symmetry in either case. When the 
resonant properties are only approximated by the simple circuit, the 
center of symmetry of the curves aauII be slightly off the resonant Avave- 
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Inngth; in this case the resonant frequency is taken from the minimum- 
position curve, for it is from this curve that the final Q readings are 
taken. The minimum position at resonance, which is the point in the 
line where the cavity appears series-resonant and which is a quarter 
wavelength from the point at which the cavity appears parallel-resonant, 
is obtained at the same time. 

The effect of a length of line between the cavity and the measuring 
device is shown in the Q curves of Fig. 18T4 in the slope of the minimum- 
position curve off-resonance. This slope is due to the change in electrical 
length of line caused by the change in Avavelength across the curve. Its 
effect is to give the plot on oblique 
coordinates not at right angles to 
each othei*; that is, the curves are 
considered to be plotted on a verti¬ 
cal minimum-position axis but on a 
Avavelength axis differing fi om the 
horizontal l)y an angle depending 
on the length of line between the 
m c a s ii r i n g equipment and the 
cavity and on other fretiuency- 
sensitive elements in the lead. By 
thus considering the plot, all the 
corrections necessary to take this 
efIVct into account in the measure- 
mcuit are a u t o m a t i c 11 y made. 

Points Ari( above and below the 
resonance minimum position are 
projected at this angle instead of 
horizontally to the intersection with 
tlu' curve. Incidentally, the value 
of the slope taken from the curve 
provides an experimental check on 
tile etpiivakmt length of line to the 
cavity, which in many cases ma}^ 
not be computed from the geometry because of the complicated structure 
of the line from the cavity. 

The circuit efficiency, or the ratio of the power delivered to a matched 
line to the total power dissipated in the matched line and cavity, is 
given by the expresKsion 

+ 1 

The circuit efficiency is seen to depend only on the standing-wave ratio 
at resonance. 



Fiu. 1816.—Q-curvcs for Inssv rase 

(t/« > 1). 
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Another piece of information to be obtained from a T^awson-method 
Q-measurement is the loss introduced into the circuit by the output lead. 
The standing-wave ratio far off-resonance is a measure of this loss. The 
effect of this loss on the circuit efficiency may be deduced from the 
approximate equivalent circuit of Fig. 18-17. The value of the resistor 
representing the lead loss may be taken from the 
standing-wave ratio off-resonance; thus, f/i = p. 

Ordinarily the lead losses are so small that they 
do not affect the Q-measurement; but if the off- 
resonance standing-wave ratio is low enough (of 
the order of 20 db), a correction must be made in 
the Q-measiirement process. This correction is 
not given here but may be derived from the circuit 
of Fig. 1817 in those cases vliich require it. 

An alternative approximate way of handling 
lead losses is to consider the transmission line to 
the cavity as having a complex propagation constant, the magnitude 
of the loss being again given by the off-resonant standing-wave 
ratio. 

Modifications of the Lawson Method .—One modification applicable 
only to tunable cavities and using the same etiuipment as the previous 
method has the advantage of being fast at the cost of some loss in accu¬ 
racy. The signal generator is set to the ^\a'^ elength vliere it is desij(‘d 
to measure the Q. With the cavity tuned far off-resonaii(*e, the standing- 
vave detector is set at a voltage maximum ])oint; this may best be doin' 
by reading the minimum-voltage point and setting it a quarter ^^ave- 
length from this point (in either direction). The cavity is then turn'd 
until the height of the pip on the spectrum-analyzer scri'en goes througli 
a minimum, indicating that the minimum position has shifted oin* 
(piarter wavelength. 'I'he resonant frequency of the cavity is then close 
to the signal-generator setting. J^eviation from this condition may bt' 
due to variation of signal-generator output with load variation. The 
signal generator is next set as nearly as possible to resonance by measuring 
the standing-wave ratio at a few points on cither side of the original 
wavelength. The standing-Avave detector is then set to each of the half¬ 
power minimum positions (see Fig. 18T5), and the signal generator 
adjusted until the pip goes through a minimum at each point. The 
difference in wavelength of these two points may then be used to compute 
the Q’s as before. Although this method is fast, it does not take into 
account the variation of electrical line length with wavelength as described 
above, and the readings are someAvhat inaccurate. It may be used for 
obtaining variation in Q over the tuning range of a tunable cavity where 
th(* large number of Q values to be taken requires a faster method of 


-Lead 

losses 



Flu. 18-17.—Equiva¬ 
lent rirruit of r-avity 
with lead loase.'-j. 
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getting the data. Here the absolute value of the Q may not be so impor¬ 
tant as its variation, and the absence of the line-length correction will 
I hen not be serious. 

A second variation of the Jjawson method makes use of the standing- 
wave-ratio measurement obtained Avith the absori^tion-resonance indi¬ 
cator. As discussed in Sec. 18-2, the standing-Avave ratio at resonance 
may be measured Avith this device, and from the LaAv^son curve of Fig. 
18-15 the standing-wave ratio at the half-poAver points is obtained. The 
adjustable transformer screw (see Fig. 18-7) is set to this value, the tAvo 
Avavelengths at Avhich balance of the bridge is obtained being the half¬ 
power Avavelcngths. This process may be carried through rapidly. 
From the result the Q’s may be computed. The err[)rs of this method 
are large also, the principal source of error being the inaccuracy with 
which the standing-Avavc ratio determines the fref]uency. The value 
of the circuit efficiency, because it is obtained only from the standing-Avave 
ratio at rt'sonance, is usually good, Vuit the half-poAVcr AA^avelengths for 
the measurement of the Q’s cannot be measured so accurately and intro¬ 
duce errors in the Q\s. 

It should be noted that the two possible t 3 ^pes of resonance illustrated 
in Figs. 1814 and 1810 may be distinguished by making use of the fact 
that the direction of the minimum shift is different in the two cases. In 
Case 1, f/o < 1, the dip on the screen of the oscilloscope increases in 
Avavelength when the adjustable transformer screAV is moved toAvard 
the T if it is set near the corretjt A^alue for measuring the standing-AA^aA c 
ratio at resonance. The opposite is true of Case 2 (^o > 1). 

The Lawson method giA-es good results until the Q falls beloAV about 
50, when it is often d(\sirable to modify the method someAAffiat. Then 
it is convenient to use the slope of the minimum-position curA^^ rather 
than to locate the half-poAA cr points; data need then be taken over onlj^ a 
large enough range to get an accurate value of the slope. At the same 
time the error due to line length is much more pronounced and must be 
carefully taken into account. 

The external Q = Qe may be determined from the slope of the mini¬ 
mum-position curve. The result depends, however, on the standing- 
Avave ratio at resonance, as does the minimum shift to the half-power 
points. This complication can be neglected Avhen Qe is Ioav because, as 
a result of the heavy loading, the standing-wave ratio at resonance is 
always very high. The standing-Avave ratio at resonance is given by 
Qu/Qkj and Avith reasonable Qu (typical value being about 2000 at S-band 
or 1000 at X-band) and Ioav Qe there exists essentially a lossless circuit. 
For the lossless case then, 


Qe 


X dm 
"" X; dX' 
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where m is the minimum position given in the same units as X and X^ 
is the guide wavelength. The loaded Q is essentially the same as the 
external Q under the present conditions. The unloaded Q may be 
obtained by measuring the standing-wave ratio at resonance and making 
use of Eq. (5). Often, however, the unloaded Q is not needed. 

The correction for electrical-line-length change with wavelength 
may be made most easily by regarding the length of line as an additional 
resonant circuit whose external Q adds to that of the cavity being meas¬ 
ured. A direct measurement is possible by placing a short circuit across 
the line or waveguide at the coupling point with the cavity. The slope 
of the minimum-position curve is measured and its effective Qe computed 
by Eq. (7) and subtracted from the Qe of the cavity plus line-length 
combination. When the geometry of the coupling is simple, the line 
0^; may be computed from the equation 



where n' is the equivalent number of half wavelengths of line. In the 
case of coaxial line, n' becomes n, the physical number of half wavelengths, 
whereas n' = (Xy/X)-n in the waveguide case. 

There exists an alternative method of obtaining the minimum-position 
curve vs. wavelength that may be convenient under certain conditions. 
If a certain wavelength is being fed into the cavity-plus-line system 
and the minimum position is noted, a short circuit may be placed at the 
minimum position to obtain a system resonant at the wavelength in 
question. Use is made of this fact to get the minimum-position cairve 
by measuring the resonant wavelength of the system as a function of 
plunger motion when a movable plunger is varied along the output line. 
The resonant-wavelength measurement may be performed by any of the 
methods previously given, and from the data obtained and from Eq. (7) 
one may compute external Q looking into the output that is being tuned 
by the plunger. 

The unloaded Q may also be found by a transmission method. Power 
is fed into one small loop and detected in another small loop in a cavity. 
Transmitted power as a function of wavelength may be used to obtain 
the unloaded Q directly from the half-poAvcr points. Refinements of 
this method for high Q\s may be made using a sweep presentation on 
the screen of an oscilloscope so that the operation may be done rapidly. 

Location of Resonant-circuit Terminals .—The properties of a resonant 
circuit are ordinarily given when the Q^s and resonant wavelength are 
specified, but in the case of a transmission line at microwave frequencies 
there is an additional parameter that is needed to specify the resonant 
circuit completely. This parameter is the location of the terminals of the 
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resonant circuit in the line. There is an ambiguity which may be removed 
by specifying the character of the resonant circuit as either series or paral¬ 
lel resonance. A series circuit is transformed into a parallel circuit by an 
addition of a quarter wavelength of line, and the subtraction of a quarter 
wavelength of line reverses the procedure. Reference will be made in 
the following discussion to parallel resonance with the understanding that 
the terms may be changed to apply to those of series resonance if desired. 

Th(‘ location of the resonant circuit in the line is accomplished to a 
certain degree of accuracy when the Lawson method of Q-measurement is 
employed. The point A of Figs. 1814 and 181() is the point in the line 
where the circuit is series resonant, and therefore the parallel-resonance 
point is one (juarter w avelength from 
this point in either direction. 

For some purposes it is necessary 
to measure the j)osition of the termi¬ 
nals very accurately. A method is 
described below in which the location 
of this point may bt* obtained as a cor¬ 
rection to a previous determination. 

The method was first developed for 
attaching a stabilizing cavity to a 
magnetron in the output line where 
the distance befw^eeii the resonant circuits 
integral number of half wavelengths. 

In Fig. 18T8 an' shown two parallel-resonant circuits connected by a 
length of transmissiim lim*. The two resonant circuits are taken to be 
of the same resonant wavelength An- Reference to other wavelengths 
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where the subscripts a and b refer to the long- and short-wavelength 
modes nvspectively, / is the physical length of transmission line that is 
to be made equivalent to an integral number of electrical half wavelengths 
at ihv resonant w^avelcngth of the parallel-resonant circuits after the 
correction — Ai is made, X„ is the guide wavelength if the transmission 
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line is waveguide or the space wavelength in a coaxial line, and y[ is the 
characteristic series admittance for yd and 2/cz; that is 2 ' = Zd + ^c 2 - The 
quantities yd and yc 2 are numerically equal to the corresponding external 
Q's. The resonance whose wavelength is very near to Xd has been 
omitted as unimportant in the present discussion. 

Equations (12) and (13) form the basis of measuring the line-length 
error Al] and \g being known at the point where the correction is made, 
all that is required for Al is a knowledge of n' in Eq. (12). The value 

of Al/\„n' from Eq. (12) is substituted 
in Eq. (13) along with the value of y'^, 
which may be obtained from Q-meas- 
uremeiits, and the e(i[uation solved for 
n\ This value put back in Eq. (12) 
gives the value of AL 

The above equations have been 
developed on the basis of two resonant 
circuits. One of these may be omitted 
from the equations simply by making 
y'c equal to y^ the normalized charac¬ 
teristic admittance of the remaining circuit. Use of both forms of the 
equations will be made. 

For the measurement of 5^ and 5b, two cases will be discussed, one in 
which there are two resonant circuits or cavities separated by a length of 
line (Fig. 18T8) and the other in which there is one resonant circuit 
with a length of line terminated in a T as shown in Fig. 18T!). The first 
step in either case is setting up the first approximation to the correct 
length of line. The Q’s of the two cavities or of the one cavity (as the 
case may be) are measured by the Lawson method, giving the external Q 
and the minimum position at resonance. In the two-cavity system, the 
two circuits are connected so that their minimum positions at resonance 
occur at the same point in the line. In the T system, the T is placed so 
that a parallel connection of the three arms is made at a quarter wave¬ 
length from the minimum position at resonance or so that a series con¬ 
nection is made at the minimum position at resonance. Within the 
accuracy of the Q-run data, then, the connecting line will be of the correct 
length. Then the mode wavelengths are measured, and from these the 
correction to the tentative line length set by the Q-run data is computed. 

In the two-cavity case, there is usually a T of some sort for coupling 
the system to a load. If not, a probe may be installed for the purpose 
of measuring the wavelengths of resonance. The mode wavelengths are 
measured directly by any of the means previously described; the data 
put into the equations given above; and the correction to the line length 
computed. The line length is the total separation of the cavities. 



Fni. 18-1.9.—Rcsuiiaiit L’irfuit and T 
ponnected by du line. 
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A variation of the two-cavity system is one in which one cavity is 
replaced by a short circuit. It will be noted that a short circuit is a 
resonant circuit in which . 

In the T case, use is made of a special technique for determining the 
mode wavelengths. Figure 18-19 shows the T connected to the length 
of line terminated in the resonant circuit. A variable reactance is 
connected to one pair of terminals. The resonances seen looking in the 
terminals A Avill be the resonances of the system of the resonant circuit, 
the line length, and the variable reactance. The resonance of importance 
here is the one corresponding to a short circuit at the T terminals. Since 
for this condition the system is short-circuited from the terminals A, 
the resonance will not be visible on the resonance indicator. As the 
reactance is varied about this point, the resonance dij) on the indicator 
will progress as shoAAm in Fig. 18-20, a deep resonance dip appearing first, 
becoming smaller, disappearing completely, and then reappearing, while 
the wavelength of the dip changes continuously. Tlu^ disappearance or 



LS-JO.—IVl {^a.siirL'iiioiM of wiivL'lciincIh by null inrf hoil. 


null w avelength is then the mode wavelength to be measured. There 
will be two such modes: one behwv the cavity frequency and one above. 
The w avelength measurement may be made very precisely because the 
indication is sharp; it is thus possible to obtain great accuracy in the 
line-length (vrror measurement. 

The exact nature of the variable reactance depends on the individual 
problem. A plunger in Avaveguide in one of the T arms is suitable. 
Furtheiinore, another cavity may be used, the variation in reactance 
being accomplished by tuning the cavity. The tAVo methods of getting 
mode wavelengths described here may be combined. Two ca\dties 
connected by a length of line and tapped into by means of a T may be 
adjusted for correiit line lengths by measuring the oAoa-all correction as 
in the first case and the cavity-to-T correction by the second method. 
The correct relationship betAveen the tAvo cavities and the T may then be 
easily adjusted. 

18-6. The Stabilization Factor.—The concept of stabilization was 
developed as the result of an effort to provide additional r-f energy storage 
in the resonant system of the magnetron for the purpose of stabilizing 
its operating frequency. Design of stabilizing equipment is discussed in 
Chap. 16. The measurement of the degree of stabilization by cold- 
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measurement techniques is deseriberl here, and the results extended ti) 
other uses. 

The concept of stabilization may be used wherever there exists a 
resonant system that may be divided into parts for convenience in 
analysis. Stabilization by means of an external cavity is a problem of 
this nature. The magnetron contains a resonant system of its own, and 
the addition of another resonant cavity to the entire resonant system 
simply adds to the r-f energy storage. The stabilization factor is defined 
as the ratio of the total r-f energy stored in the entire system to the 
energy stored in the part of the system used as a basis for reference. 
Thus, the stabilization factor of the stabilized magnetron system is 
the ratio of the total energy stored to the energy stored in the magneti sm 
alone. This definition Avdll now be related to practical methods of 
measurement. 

The measurement of stabilization factor rests on the same basis as 
the measurement of Q; that is, the energy storage in a r(»sonant system 
is proportit)nal to the rate of cliange of rtaictance Avith respect to fre¬ 
quency in a series-resonant system (a system in wliich resonance is 
defined as zero susceptance). Since reference to a specific energy level 
which depends on driving current or voltage is to be avoided, a ratio of 
energies is taken as in the case of the Q. 

A description is first given of a method for measuring stabilization 
factors that makes use of the Q-measurement methods already developed. 
Stabilization may be measured through the medium of Q-measurtment in 
at least two different ways. One of these is based directly on the defini¬ 
tion of stabilization. If the external Q of a system is measured looking 
into a certain output Avhei e the measurement is made, a value is obtained 
that is proportional to the energy stored in the system. If all but the 
part of the system to which the stabilization factor is referred is shunted 
out of the system and the external Q measured again, the stabilization 
factor will be the ratio of the first to the second Q taken. In shunting 
out the remainder of the resonant system the fields at the dhdsion surfact^ 
must be replaced by identical fields that are not frequency sensitive, or in 
other Avords that are not associated with energy storage. It is apparent 
that this process may be very difficult, and for this reason it can usually 
be done only Avhen the division surface is a surface of zero electrii; field. 
Then it is necessary only to replace this surface Avith a metal surface, 
thus providing a short circuit. For example, a cavity that is iris-coupled 
to a magnetron makes up a stabilizing system whose stabilization factor 
is the ratio of the external Q looking into the regular output under normal 
conditions to the external Q looking in the same Avay but Avith the iris 
filled with a Avedge of copper. It is necessary for the field configuration 
to be kept the same for the two Q-measurements so that the external 
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coupling will not be changed. If the coupling were different in the two 
cases, the proportionality factor of the energy storage would change and 
the result would be in error. 

The second method making use of Q-measurements may be used 
when the coupling between the cavities is made in standard transmission 
line. Then the external Q^s looking into each cavity separately may be 
measured, the stabilization factor being 1 plus the ratio of the stabilizing 
cavity Q to the magnetron Q, using the stabilized magnetron case as an 
example. 

A third method of measuring stabilization factor makes use of relative 
tuning rates. A tunable cavity, when stabilized, tunes less for a given 
motion of the tuner; that is, as implied by the term ^^stabilization,'' 
the frequency constancy is in¬ 
creased. The quantitative as¬ 
pects of this behavior are derived 
from rig. 18-21, which shoAvs two 
curves of reactance vs, radian fre¬ 
quency, one for* each circuit. 

CXirve A is assumed to be the reac¬ 
tance curve of the tunable sta¬ 
bilizing cavity, and B that of the 
reference cavity. Resonance 
exists Avhere the sum of the curves 
is zero. When the two curves 
both pass through zero reactance 
at the same point, their resonant 
frequencies are identical and equal 
to QJi). Shifting the frequency of A to tiJi, corresponding to the curve A\ 
results in making the resonant frequency of the combination wj. If 
represents wi — uo and Arw represents w? — wo, it may be derived from 
the geometry of Fig. 18-21 that 



Fig. lH-21.—Effect of tuning the stabilizing 
navity. 
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Here, Sa^b is the stabilization factor of A Avith respect to B (5 is the 
reference cavity) and Arw/A,ici) is the percentage tuning rate, the factor 
by which the tuning rate of the stabilizing cavity is reduced by using 
it for stabilization. The problem noAV becomes the measurement of the 
percentage tuning rate. This measurement may be made easily by means 
of the usual wavelength-measurement methods, the tuning rates being 
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made on the entire system and on the stabilizing cavity alone with the 
reference cavity blocked off. 

If it is more convenient to tune the reference cavity, the data may be 
changed to the desired form by means of the relationship 


Sa.h = 1 + ^ 


Sh 


i^h,A — 1 Sb,a — 1 


(15) 


The stabilization factor, then, may be measured by means of Q-meas- 
urements or by relative tuning rates. In practice, Q-measurements 
with and without stabilizing cavity are more accurate for high-stabiliza¬ 
tion factors, relative tuning rates for low-stabilization factors, and 
independent Q-measurements in the connecting line for either. However, 
a high-stabilization case may be changed into a low-stabilization case 
by reversal of the sense of stabilization; that is, a cavity stabilizing a 
magnetron Avith a high-stabilization factor is itself stabilized by the 
magnetron AAith a low-stabilization factor. This fact is shown by 
Eq. (15). 

The concept of stabilization may be used for other purposes, such as 
the measurement of L/C ratio of a magnetron oscillator. This problem 
turns out to be that of measuring either L or C, because the other may be 
computed from the knowledge of the resonant frequency of the cavity. 

The problem of determining the value of C as seen by the electrons 
in a magnetron Avill be considered. It is assumed that a hole-and-slot 
magnetron is being measured; the vane magnetron is more difficult to 
measure, but the same method may be used. In the region of the slot 
the capacitance may be computed from the usual formula for a parallel- 
plate condenser. It is then recognized that the equivalent (iapacitanc;e 
of the cavity is greater than that due to fringing fields and displacement 
currents in the inductive region of the oscillator. The problem then 
becomes one of measuring the stabilization factor of the extra equivalent 
capacitance Avith respect to the computed capacitance. (Energy storage 
in a parallel-resonant circuit is proportional to capacity.) This is done 
by inserting a slab of nonconducting material of known dielectric constant 
into the space Avhose capacitance may be computed and noting the shift 
in resonant frequency. The shift to be expected if the total capacitance 
Avere lumped into this space may be computed from the dielectric con¬ 
stant, and this value may be compared Avith the experimental value, 
the stabilization factor being computed from Eq. (14). The elfcctiA^e 
capacitance may then be computed by multiplying the computed capacity 
by the measured stabilization factor. 

lB-7- Magnetron-mode Identification. —Much of the technique of 
mode identification has been discussed already in connection Avith the 
description of the rotary probe; a few remarks about the use of the 
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rotary probe are given here in addition to two elementary methods of 
mode identification. The electromagnetic-field configuration for the 
various modes is assumed to be known (see Secs. 1*4, 2-9, and 3-2). 

The use of a hand-operated rotary proVje of the kind described in 
Sec. 18-4 is appropriate when the amount of data to be taken does not 
justify the use of the more expensive motor-driven device. The same 
data may be taken point by point with the aid of this simple equipment. 
The probe itself should be constructed in about the same way as the 
motor-driven one, but it is not necessary to provide brush contact; a 
wire connected directly to the crystal output may be run to the meter. 
This probe is mounted in a rigid frame so that it may be rotated by hand, 
a pointer indicating the angle against which the meiter readings are 
plotted. 

Mode identification is straightforward in the light of the discussion 
in Sec. 18-4. The modes encountered in a symmetrical magnetron are 
easily recognizable, the 7r-mode in particular being nearly always sym¬ 
metrical. A magnetron employing strap breaks often presents a confus¬ 
ing picture on the lower modes, but the patterns observed on the screen 
can usually be interpreted. Long anodes should be searched for longi¬ 
tudinal modes. These appear with the same patterns as the standard 
modes, but they vary in intensity with longitudinal variation of the 
prol)e position, the most common one becoming zero at the center of the 
anode. 

The identification of the modes can be made from wavelength meas¬ 
urements if the spectrum of the magnetron is known. For example, 
a strapped magnetron has modes Avhose resonant wavelengths decrease 
with decreasing mode number, and the wavelengths of the modes plotted 
against number arc points through which a smooth curve may be drawn. 
The series of wavelengths may then be measured and the various modes 
selected on this basis without the added complication of the probe meas¬ 
urements. A very simple test may then be made to verify these results. 

This test consists of inserting a screwdriver, pencil, or other similar 
object into each oscillator while the magnetron is excited at one of its 
modes and noting the detuning effect. On the 7r-mode the detuning effect 
is the same for all oscillators. On the other modes the detuning effect 
varies according to the energy stored in each oscillator. There will be 


(N \ 

two oscillators in which there will be no detuning for the I“ 1 1-inode, 
where N is the number of oscillators (ordinarily an even number); four 


for the — 2j -mode, provided N/A is an integer; and so forth. 

The greatest use of the rotary probe is in the investigation of field 
intensities in new types of magnetrons or other similar devices. 
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IB-B. Cathode-lead Loss. —It is frequently necessary in magnetron 
design to install chokes in the cathode leads to prevent r-f leakage and 
radiation which would decrease the efficiency of the device. The first 
problem in this connection is to determine whether or not such leakage 
is present to an undesirable degree. Leakage can be detected on the 
spectrum analyzer during a standard Q-measurement. The signal 
generator is tuned to the resonant wavelength of the magnetron, as 
evidenced by the minimum standing-wave ratio. Then the movement 
of any conducting material in the neighborhood of cathode leads that 
couple out power will be reflected in a variation of the size of the signal 
seen on the spectrum analyzer. Touching the leads with the fingers is a 
very sensitive test for leakage. The degree of coupling may be estimated 
from the changes in the standing-wave ratio produced by placing reflect¬ 
ing objects near the cathode leads. 

A more convenient method of detecting cathode-lead leakage makes 
use of the magic T or directional-coupler resonance indicator. The 
detuning effect of variation in external conditions is easily observed 
because the data are presented over a band of frequencies and the very 
convenient form in which the data are presented allows the leakage check 
to be performed quickly. 

The usual remedy for cathode-lead r-f leakage is a quarter-wave 
coaxial-line choke soldered in each lead that comes out of the magnetron. 
It is possible, however, that a lead resonance may be set up if the ifiace- 
_ ment of this choke is accidentally 

^ — n-iT i 
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Fig. 18-22.—Movable 


cathode choke. 


in the appropriate position. Be¬ 
cause this resonance is usually 
lossy in character, the unloaded 
Q of the magnetron is affected 
adversely with corresponding de¬ 
crease in the circuit efficiency. 
Furthermore, there may be a split 
in the mode spectrum so that the operation of the magnetron is erratic. 
There arises, therefore, the special problem to be attacked by cold- 
measurement methods in locating the cathode choke so that this reso¬ 
nance is avoided. 

The 2J42 magnetron is used for an example. This tube has an end- 
mount cathode so that there is a single cathode lead coming out of the 
pole piece on one side. The problem to be solved is the location of 
the places where the choke should not be placed. Figure 18-22 shows the 
movable cathode choke that was made especially for this experiment. 
As there is no current flow at the mouth of the quarter-wave choke, 
the fixed choke may be replaced by the movable one with practically no 
change in the operating conditions. The sliding movement thus pro- 
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vided makes possible a continuous motion whose effect may be observed 
continuously on the screen of a resonance indicator. Figure 18-23 
shows a plot of the results observed on 
the magic T indicator. 

The cathode-choke movement x is 
plotted horizontally, and the effect on 
the resonant circuit is plotted vertically. 

The latter is measured by the height of 
the minimum point of the trace seen g 
on the screen. The coupling loop loads ^ 
the magnetron so heavily that the 
standing-wave ratio at resonance is 
high. As the loss due to the cathode- 
choke resonance enters a resonance 
region, the SWVR drops. The cath- 2 
ode-choke experiment may be general¬ 
ized to include a wide variety of 
experiments in insertion loss. 

18'9. Tube-model Techniques. —An anode block that is similar to 
but not identical with a proposed design and is constructed especially 
for the purpose of cold-testing is called a “tube model.'' Models have 
proved to be extremely useful for the investigation of the resonant proper¬ 
ties of a magnetron under development. Their principal advantage is 
that they are easier to construct than actual magnetrons and give a great 
deal of information on which the design of an actual magnetron may 
be based. Models may be made for any frequency whvre the conditions 
of construction and testing are most advantageous, because wavelength 
data scale reliably as the first power of the geometrical size. Thus a 
proposed magnetron that requires special construction techniques to 
be worked out before it can be constructed may have its properties 
investigated by means of a model which can easily be built at a longer 
wavelength. The resonances can be located; mode separation and 
patterns noted; and the data then scaled to apply to a magnetron at the 
desired frequency. Unloaded Q may also be scaled because for any given 
shape of cavity it is proportional to the square root of the wavelength. 

In selecting the wavelength at which to construct a model, the availa¬ 
bility of good test equipment is a real consideration. Of importance are 
signal generators with good power outputs and wide tuning range, spec¬ 
trum analyzers, calibrated attenuators, and slotted sections. As an 
illustration, most models at the Radiation Laboratory were constructed 
largely at 10-cm wavelength because of the general superiority of equip¬ 
ment at this wavelength. 

Model tubes can be modified as a result of the cold resonance obtained, 
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and for this purpose the model may be constructed of brass and bolted 
together to facilitate changes in form. Wavelength and mode data can 
be obtained in this way; but if unloaded Q data are to be taken, it is 
necessary to hard-solder the model and construct it from the final 
material. This added expense should not be incurred until such things 
as resonant wavelength are determined and found to be satisfactory. 
A typical procedure for the design of a magnetron is first to make a model 
of brass with various parts bolted or soft-soldered together. The size of 
certain parts such as the straps and vanes is varied, and the wavelength 
data taken for each variation. The wavelength-vs.-variation curve 
then provides the basis for the selection of the correct dimensions. Other 
quantities, of course, such as stabilization factor, may be adjusted as 
well. When the final dimensions are selected, a copper model may be 
constructed for the purpose of measuring the unloaded Q. 

OPERATING MEASUREMENTS 
By A. Cl. Smith 

Accurate quantitative measurements of the operating conditions 
of a magnetron are useful as aids to design, as production controls, and 



Fig. 18-24.—Arrangement of test bench components. 


as guides to intelligent operation. In addition, a magnetron is frequently 
employed in the testing of other microwave components, and in this 
application a knowledge of its output power, frequency, and stability is 
essential. 

Although the proper use of scaling principles and cold-measurement 
techniques may save needless effort in the designing of a magnetron, an 
operating model must finally be constructed and tested in order to 
determine quantities that can at present be predicted only approximately. 
The quantities to be determined are the range of currents and voltages 
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over which operation is stable, the electronic efficiency, tuning range, 
cathode-heating effects, electronic leakage current, and the power- 
handling capabilities of the input and output circuits. 



Fiq. 18-25.—Lnw-power coaxial-line maRnctron test benoh. 



—WoduJator Electromagnet- 

Transition / 

, fHiisa \ / 1 » rmiftii 

^siarmer.' >-■ 


Wavemeter "j 
\ yprobe 
r Thermo- 




Magnetron 
heater control 


Average 
current meter 


Thermocouple 

microammeter 


Coaxial 

transmission 


Bolometer 
and wavemeter 


wavemeter amplifier 


Fiq. 18-26.—High-powBr waveguide magnetron test bench. 

Figure 18-24 shows in schematic form the components necessary for 
testing an operating magnetron and their arrangement on. a typical 
test bench. Either coaxial line or waveguide components can be used; 
and although the construction of some of the components differs for c-w 
and pulsed testing, their arrangement remains essentially as shown. 
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Figures 18-25 and 18-26 are photographs of typical coaxial-line and 
waveguide test benches, compaj-able to the schematic view in Fig. 18-24. 

The components shoAvn in Fig. 18-24 provide a rather complete set 
of data on operating magnetrons, but not included are certain pieces of 
equipment useful in special cases, such as V-I oscilloscopes (see Chap. 8) 
or r-f viewers (see Vol. 11, Radiation Laboratory Series). 

16-10. Measuring Techniques. Performance Charts .—In general, the 
performance chart is the most useful presentation of the operating 
characteristics of a magnetron. (For specific examples of such charts 
see Chap. 19.) The following measurements must be made in order to 
plot a complete performance chart, including pushing-coefficient con¬ 
tours:^ magnetic field, (average) current, (pulse) voltage, (duty ratio), 
(average) output power, and frequency. 

A large amount of data is generally required, and a systematic proce¬ 
dure should be followed in obtaining it. The technique described here 
has been found satisfactory for most types of testing. It is convenient 
to begin work at the lowest magnetic field that is to be used; for if a high 
field is selected first, e^ich time that it is reduced the magnet must 
be demagnetized in order to preserve its calibration. After the magnet 
current has been set to the desired value, plate voltage is applied to the 
magnetron and increased until stable oscillation begins. The presence of 
r-f output may be detected most quickly and simply V)y means of a i- 
watt neon bulb which is excited by inserting its leads into the r-f line 
through the slot of a standing-wave detector or tuner. Stability of 
operation can Vje judged from the steadiness of the neon glow, from the 
current and voltage pulses on a synchroscope, or from the image on a 
spectrum analyzer. In the case of a pulsed tube, the spectrum analyzer 
is a valuable adjunct, for the spectrum of a magnetron frequently deteri¬ 
orates badly near the limits of its stable range. Having set the plate 
current at the lowest value at which satisfactory operation is obtained, 
the operator then records the voltage, current, power output, and fre¬ 
quency. If a water load is being used to measure power, the rate of flow 
must be determined and checked at reasonable intervals. The plate 
current is next increased someAvhat, and the readings repeated. This 
process is continued until a limit is set by mode-shifting, arcing, or 
overheating of the cathode. When one of these occurs, the current is 
reduced to the starting value, the magnetic field is increased, and the 
process repeated. The performance chart may be extended in voltage 
until the magnet saturates or until arcing occurs in the magnetron even 
at low currents. 

The plotting of c-w performance data is relatively simple, requiring 
only the calculation of plate efficiency. Pulsed data require the con- 

^ The quantities in parentheses apply only to pulsed operation. 



Sec. 1810] 


MEASURING TECHNIQUES 


733 


version of average-current and average-power readings to the pulse 
values through division by the duty ratio, which must be determined 
from a calibration of the apparatus. Performance charts are almost 
always taken into a matched line, and therefore a tuner and standing- 
wave detector are not needed, although the latter is a convenience in 
checking the match of the load. 

fiic/rc Diagrams .—The Rieke diagram is of great value in determining 
the effects of loading on the performance of a magnetron. Many 
examples of these plots will be found in Chap. 19 of this book. The 
information that is needed in the preparation of a complete Rieke dia- 
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Fig. 18'27.—WaveKuide cloiible-.sluj? tuner with Mycalex sIues. 

gram is^ (average) current, (pulse) voltage, (duty ratio), (average) 
power output, frequency, magnitude of standing wave, and phase of 
standing wave. The following procedure has, in general, proved to be a 
satisfactory method of obtaining such data. 

In measuring the Rieke diagram the magnetic field and the plate 
current are held constant, while a standing wave of variable phase and 
magnitude is presented to the magnetron. This standing wave is set 
up by means of a double-slug tuner (see Fig. 18-27) and measured by 
using a standing-wave detector (see Fig. 18-4) placed between the tuner 
and the magnetron. In the case of high-power magnetrons, it may be 
necessary to take the Rieke diagram at a power output well below the 
usual operating point because of breakdown in the slugs or magnetron 
output or arcing inside the tube itself when a high standing wave is set up. 

^ The quuntities in parentheses apply only to pulsed operation. 
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With the magnetic field set at the proper value, the magnetron is put 
into oscillation and the distance between the slugs is adjusted until the 
standing-wave detector indicates that a match has been obtained. The 
magnetron plate current is then brought to the value that has been 
decided upon, and the voltage, power output, and frequency are recorded, 
giving a point that when plotted will lie at the center of the diagram. 
The separation of the slugs is next changed slightly until a standing 
wave of small amplitude is set up, and the plate current is reset to its 
previous value—if, indeed, it has varied at all. The magnitude and 
relative phase^ of this standing wave are recorded, the phase being 
measured from a scale on the standing-wave detector. Leaving the 
separation of the slugs unchanged, the tuner is now moved a fraction 
of a Avavelength, and all of the readings are repeated. It Avill be found 
that although the phase of the standing wave has changed, its magnitude 
is virtually unaltered, with the result that it will appear on the diagram 
at the same radius as the second point and removed from it by an angle 
equal to the difference in electrical degrees between the phases of the two 
points. In this manner, the operator proceeds around a full circle on the 
diagram, corresponding to a half-wavelength movement of the slugs and 
a half-wavelength change in phase. The tuner is then r(\adjusted to 
set up a higher standing wave, and another circle is completed. The 
process is continued until r-f breakdown occurs in the line, the magnetron 
becomes unstable, or the tuner reaches the maxim\im standing-wave 
ratio of which it is capable. 

Although the phase thus far is reftwred to a purely arbitrary origin, 
that is, the zero of the scale, it may be made more specific by referring 
it to a suitable plane at the magnetron output. This translation, of 
course, merely involves the measurement in electrical degrees of the 
distance between the selected plane and the zero point of the scale. 
It is conventional to plot motion of the phase toward the magnetron in a 
counterclockwise direction. The radial scale may be marked in SWVR, 
SWPR, or reflection coefficient. 

Pulling Figure .—The pulling figure of a magnetron is defined as the 
maximum change in frequency that occurs as a standing wave with a 
voltage ratio of 1.5 is presented to the tube and the phase is varied 
through 360°. Although the pulling may be determined from a Rieke 
diagram, this technique is needlessly laborious unless the other informa¬ 
tion contained in such a plot is desired. A more direct method consists 
simply in placing a tuner in the line, setting up a standing wave of 1.5 in 
voltage, and determining the frequency limits as the phase is varied. 
By far the most satisfactory indication of the fretiuency deviation is 
obtained with a spectrum analyzer; on the screen of this instrument the 

^ Always measured from the minimum of the standing-wave pattern. 
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spectrum moves back and forth along the baseline as the phase of the 
standing wave changes, and the amplitude of the motion is readily meas¬ 
ured by means of any of the frequency-measurement techniques discussed 
in connection with the spectrum analyzer in Vol. 14. It is sound 
procedure to check the standing-wave ratio at each of the tAVo points at 
which frequency measurements are made. Even though the separation 
of the slugs remains constant, 
slight changes in the impedance of 
the line or the superposition of a 
reflection from the load may alter 
the ratio enough to impair the 
accuracy of the pulling figure that 
is obtained. The magnetron 
should be thoroughly warmed up 
before pulling-figure measure¬ 
ments are attempted, or thermal 
frequency drift will enter into the 
results, although this source of error is more likely to occur in pulling 
figures obtained from llieke diagrams. 

ST^ctrum .—Much can be learned about the operation of a pulsed 
magnetron from a study of the r-f spectrum. The theoretical form of 
this spectrum is shoAvn in Tig. 18-28.^ Certain deviations from this shape 
are attributes of the voltage pulse that is applied to the magnetron, and 
others result from the action of the tube itself. A voltage pulse Avith an 
excessively sloped or rounded top AA'ill produce a frequency modulation 
that may broaden the spectrum appreciably, and a frequent concomitant 
of this condition is a marked difference in the heights of the secondary 
maxima on one side of the spectrum as compared aa ith those on the other 
side. Another common phenomenon is the random, intermittent dis¬ 
appearance of one or more of the vertical lines that make up the spectrum; 
this is an indication that at the moment at Avhich that line should have 
been formed, the magnetron had shifted modes or was arcing. In certain 
regions of the performance chart, usually at very Ioav currents, the spec¬ 
trum may be observed to broaden as the region is entered and finally 
to break up completely into a distribution resembling noise. A similar 
deterioration is frequently noticed A\hen a heavily loaded magnetron 
enters the unstable portion of a Rieke diagram. 

The spectrum of a c-w magnetron is of less significance to the operation 
of the tube. The spectrum analyzer is still very useful, as it provides an 
effective means of observing small frequency shifts. 

18-11. Operating Technique. —Before putting a magnetron into oper¬ 
ation, it is a reasonable precaution to test it with a spark coil and ohm- 
1 Sec also Vol. 11, Chap. 12, of this series. 



Fii;. lS-28.'—^SpcRtriim of a pulsed inagneiroii 
as seen on l ppectrum analyzer. 
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meter to prevent possible damage to the pulse generator or power supply 
and the associated metering equipment. An ohmmeter Avill indicate 
whether or not the heater circuit is continuous and whether or not a short 
circuit exists between the cathode and the anode. 

The magnetron should be mounted so that it is well centered between 
the pole pieces of the magnet. In some cases the manufacturer indicates 
a preferred polarity of magnetic field. The output connections should 
fit well; if they are loose, r-f breakdown is likely; and if they are too tight, 
the tube may be damaged. Most trouble is caused by the center con¬ 
ductors of tubes Avith coaxial outputs. 

The lead that carries the plate current from the power supply or 
pulse generator is connected to the cathode lead of the magnetron; if 
it is connected to the heater lead, all the plate current Avill flow through 
the heater, and the transients brought on by arcing may burn it out. 
Full heater power should always be supplied for at least 60 sec before 
plate voltage is applied. In pulsed operation, the leads betAveen the 
pulse generator and the magnetron should be kept short, since the 
reactance of long leads may distort the pulse AvaA^eform and introduce 
oscillations. Where forced-air cooling is indicated, it should be sufficient 
to maintain the temperature of the block beloAv 100°C. 

The magnetron may be grounded through the r-f line, Avhich should 
be part of a common ground system embracing the magnet, the poAvei’ 
supply or pTilse generator, the pulse transformer, and the chassis of the 
associated amplifiers, spectrum analyzers, etc. If the r-f line is acci¬ 
dentally left ungrounded, the operator may discover that it has bec.ome 
charged to full cathode potential. 

Gassy Tube. —When plate voltage is applied, a gassy magnetron Avill 
draAV a large current and the synchroscope or voltmeter aauII indicate 
little or no voltage across the tube. A gas discharge may be seen inside 
the magnetron by looking into the input or output pipes. All mag¬ 
netrons evolve a little gas Avhen they are left idle for long periods, but 
this normal outgassing will not produce the condition just described. A 
spark coil test Avill confirm the diagnosis. 

Cathode-anode Short Circuit. —Again, current will be draAvn Avith zero 
voltage indicated, but there will be no gas discharge. An ohmmeter 
may be used to settle the matter. 

No Magnetic Field. —A high current will be drawn at very low voltage. 
Removal of the magnetic field during operation may result in the destruc¬ 
tion of the magnetron; precautions should therefore be taken when an 
electromagnet is used to prevent failure of the d-c power supply. 

Open Heater. —The magnetron wdll fail to start normally wdien plate 
voltage is applied and probably will spark. No plate current Avill be 
drawn. The usual gloAv of the cathode, visible in the input pipes of 
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many magnetrons, will be absent. An ohmmeter test is the final check. 
A magnetron in this condition may usually be started by continued 
application of plate voltage at a relatively low magnetic field, although 
care must be taken not to damage the associated equipment; once 
oscillating, back bombardment may provide sufficient cathode heating 
for normal operation. This type of starting cannot be repeated many 
times without destroying the cathode. A great many heater failures 
are due to transients accompanying arcing and may be prevented by 
placing a ^-/xf condenser in shunt with the heater to bypass such surges. 

Arcing. —Arcing, or sparking, is commonly encountered in magnetron 
operation, especially at high powers. It may be due to traces of gas, 
to mode shifting, to high gradients caused by sharp surfaces, or to over- 
w’orking of the cathode. A magnetron will withstand a surprising amount 
of arcing over a short period of time without apparent damage, but even 
intermittent sparking during continuous operation will affect its life 
adversely. Aiciiig appears as flashes in the input pipes, unsteadiness 
of the current meter, missing pulses on the spectrum analyzer, and 
transient traces on the synchroscope (Fig. 18-29). The evolution of gas 
occurring during long periods of quiescence may make it necessary to 
reseason a tube to clean up^' the gas; this should require no more than 
15 or 20 min of continuous attention. 

''rhe operator should slowdy increase the 
voltage until arcing becomes rather 
violent, occurring perhaps several times 
a second; as soon as the spai-king has 
died down, the voltage may again be 
raised, and so on until the desired 
operating level has been attained. 

Should an unusually intense burst of 
sparks occur, resembling a continuous 
arc, the voltage must quickly be backed off to permit the tube to 
recover. Arcing is frequently associated with mode instability, and it is 
difficult to determine which is the cause and which the effect. 

Mode Instability .—This is a phenomenon which occurs in certain 
regions of the performance charts of all magnetrons, usually at very high 
or very low" currents or at low" magnetic fields. A c-w" magnetron changes 
modes abruptly, showdng a marked decrease in output power, and may 
not return to the operating mode until the plate voltage has been shut 
off and the tube lestarted in a more favorable region. Pulsed magnetrons 
change modes more gradually, passing through a region of operation 
partly in one mode and partly in another, as evidenced by double voltage, 
current, and VI traces on the synchroscope (Fig. 18-29) and by missing 
lines in the spectrum; operation in this region is likely to be accompanied 



Fig. 18-29.—Appearance of VI 
ti -ace under various t-onditioiis of 
operation, .showing [a) stable oper¬ 
ation, (?>) mode shift, and (c) arcing. 



738 


MEASUREMENTS 


IM-JJ 


by sparking and by falling output power. The tube will, however, 
resume normal oscillation as soon as the voltage is changed to bring it 
back to a region of stable performance. The location of the boundaries 
where mode changes occur is influenced by cathode quality and tem¬ 
perature, pulse shape, and loading (see Chap. 8). Mode-changing 
may become more troublesome as a magnetron ages and the cathode 
emission fails. Although a tube may be oscillating in a lower mode, 
it is not always possible to detect the wavelength of that mode in thi^ r-f 
line, since conditions in the magnetron may be such that it does not couph^ 
to the output loop. Operation in lower modes is frequently accom¬ 
panied by serious overheating of the cathode. 

Ov£,r}uat?d Caihodv .—Operation of the cathode at temperatures in 
excess of the normal value (about 850°C) shortens tube life. The 
heater transformer should be chocked for proper voltage; and Nvhen 
operating instructions call for reduction of the heater voltage during 
oscillation, they should always be followed. In many tubes the cathode 
glow may be seen directly or by reflection in the input pipes; if the 
operator familiarizes himself Avith the appearance of this glow at normal 
heater input, he Avill be able to judge for himself when the temperature 
becomes excessive. Continuous-wave magnetrons are especially likely 
to suffer from overheating of the cathode. 

Breakdown in the I{,-f Line .—This is usually annouiuicd by crackling 
or spitting noises. Coaxial tuners are very likely to break clown, and 
magnetron couplers and transitions are also serious offenders. All 
components should be clean and Avell-polished inside; the joints should 
fit snugly and be tightly clamped. Ignition sealing compound (a hc‘a\'y 
grease) may be applied in cases of localized breakdown. For laboratory 
use, carbon tetrachloride sprayed into the line through a slotted section 
is surprisingly effective in stopping breakdown, although the application 
must, of course, be repeated every few minutes, rressurization, although 
troublesome, Avill greatly extend the power-handling capacity of any 
line, 4 mw having been transmitted successfully by a Is-in. coaxial line 
pressurized to 35 lb per sq in. gauge. 
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By a. G. Smith 

This chapter presents specific data on the performance characteristics 
and dimensions as well as the over-all design of the principal types of 
microwave magnetrons in the frequency range of 1000 to 24,(X)0 Mc/sec 
and output-power range of 25 watts to 2.5 mw. The magnetrons included 
here were selected as being representative of various wavelength and 
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Fig. 19 - 1 .—GeiieralizDci figures for anode-blork dimensions. (a) Rising-sun; (^) 
hole and slot; (c) vane. The dimensiDn (a) is the distance between the pole tips or between 
the lids, whichever is smaller. 

output-power ranges and to illustrate particular design features. No 
attempt was made to make the list complete. Wherever possible, 
magnetrons that are available for purchase as a consequence of being in 
production were selected for inclusion, and these are designated by the 
RMA numbers. Several important magnetron designs that were 
developed but did not reach the production stage are also included, and 
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these are referred to by the symbol assigned in the laboratory in which 
they were developed. Tubes in this category are probably not available 
for purchase. 

For each tube type there is a discussion that covers its general 
performance and limitations, frequency or frequency range, type of 
construction, and special features. A performance chart and usually a 
Rieke diagram provide complete information on the operating charac¬ 
teristics. A plan view and photograph together with a table of dimen¬ 
sions give the construction details. The meaning of the symbols in this 



id) id) if) 

Fill. 19-2.—Generalized Jigures for magnetron .strapping diinension.s. 


construction table may be determined by referring to Figs. 191 and 19-2. 
A table of characteristic scale factors is given as an aid to magnetron 
designers. The definitions of the symbols in this table are found in 
Sec. 10-5. Table 191 lists the magnetrons described in this chapter. 

19-1. The LCW L-band C-w Magnetron. —The LOW is an experi¬ 
mental c-w magnetron, capable of output powers up to 2000 watts at a 
fixed frequency of 900 Mc/sec. A radially mounted cathode and 
separate magnet are used. 

Operation is satisfactory between 2000 and 4000 volts and from 0.1 
to 1 amp. This region of operation, shown in Fig. 19-3, provides useful 
output powers ranging from 100 to 2000 watts; it is limited at high 
powers by overheating of the cathode and at low powers by deterioration 
of the spectrum. The pulling figure is 4 Mc/sec, and the pushing figure 




Kilovolts 


Sec. 19-1] 


THE LCW L-BAND C-W MAGNETRON 


741 



Amperes 

Fig. 1.9-3.—Perfornianre rhart for LCW iiiiiKiietron. 



Frequency of 0 Me contour = B96.5 Mc/sec 

Fig. 19-4.—Rioke diagram for LCW magnptrnn. 
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Table 19-1.— Index of Magnetrons 


Frequency, 

Me /SOK 

Power nutpiit 

Type of operation 

Tube No. 

Chapter 

See. 

900 

100-2000 watts 

0-w fixed freq. 

LCW 

19 1 

2,830-3,240 

5-150 watts 

C-w tunable 

CM16B 

19-2 

3,245-3,333 

2.5-10 kw 

Pulsed fixed freq. 

2J381 

2J39r'’'“'“ 

19-3 

2,700-3,333 

2.5-300 kw 

Pulsed fixed freq. 

2J221 

2J34J 

19-4 

2,700-3,700 

300-1000 kw 

l\ilsed tunable 

4J70\ 

4j^7j8m.-,s 

19 5 

2,800 

500-2500 kw 

Pulsed fixed freq. 

HPIOV 

19-6 

9,375 

10-100 watts 

C-w, pulsed, fixed freq 

BM50 

19-7 

9,290-9,330 

200-1250 wa tts 

1‘ulsed tunable 

2J41 

19-8 

9,345-9,405 

5-20 kw 

Pulsed fixed freq. 

2J42 series 

19-9 

9,345-9,405 

10-70 kw 

Pulsed fixed freq. 

725A series 

19 10 

8,500-9,600 

100 kw 

Pulsed tunable 

2J51 

19-11 

9,345-9,405 

50-300 kw 

Pulsed fixed freq. 

4J.50 scries 

1912 

9,500 

2-1000 kw 

Pulsed fixed freq. 

AX9 

1913 

24,000 

50 kw 

Pulsed fixed freq. 

3J211 

3J31 

1914 

24,000 

50 kw 

Pulsed fixed freq. 

22-e.avity 

risiii|,i;-siin 

iiiagnetron 

1915 

24,000 

50 kw 

Pulsed fixed freq. 

Closed-end 

3K-e:ivity 

risiii}i-siin 

magnetron 

19-1(1 

11,500 

500 watts 

C^w fixed freq. 

lligb-ptiwer 
2-()-eni C.~w 
niiiKnetron 

1917 


at an operating point of 3000 volts and 0.5 amp is 3 Mc/sec per amj). 
It is evident from Fig. 19-4 that nothing is to be gained by loading the 
tube more heavily. 

A screened, oxide-coated cathode is used. The heater, which draws 
5.2 amp at 6.3 volts, is turned off after the magnetron has been started. 
Figure 19-5 shows the 16-vane anode block, double-ring-strapped on one 
end only to allow the addition of a projected electronic tuning device. 
Characteristic scale factors and dimensions for this block are listed in 
Tables 19-2 and 19-3. 


Table 19-2.— Chabactehistic Scale Factors for LCW Magnetron 


X, cm 

CB, gauss 

amp 

t), kv 

iP, kw 

S, mhos 

Ou 

Vc} % 

c 

L 

33.5 

125 

0.761 

0.423 

0.322 

K80 X 10-3 

1050 

92 

0.012 
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Because the block is short relative to its large diameter, the LCW 
requires a magnet with a gap of only 2 t in. and a pole-face diameter of 
2^ in. Experimentally, the tube has been water cooled (Fig. 19-6), but 
because of its high efficiency air cooling should be feasible. 



Fill. 19-5.—C’ri>ss {sei-tii)iis iil LCW iiia^iu^trnii. 


Further details of the eoiistruetion, operation, and projected tuning 
schemes of the LCW may be obtained from Radiation Laboratory Report 
No. 1005, "LCT, 900-Mc/sec F-m—C-w Magnetron.” 
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Fig. 19 fi.—LCW magnetlun 

T\BLi!i 19 3.—DiMi!.Nsir)Nt% IN Ini iiLs i)!* LCIA Magnetron 
a. Anode-blDi'k Diiiiensioiis: Tip; 19 Ir 
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19-2. The CM16B S-band C-w Magnetron. Thr CMKiH magne¬ 
tron is an experimental c-w oscillator, tunable over the band from 2830 
to 3240 Mc/^ec at power-output levels up to 150 watts. An axially 
mounted cathode and attached magnet are used, and the coaxial output 
shown in Fig. 19-7 hts standard ^-in line components. 

Operation is stable between 500 and 2000 volts, and from 25 to 200 
ma, with corresponding output powers ranging from 5 to 150 watts 

^ Data for Sim- 19 2 submitted bv A M Clugsloii. 
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The performance chart of Fig. 19.8 shoAvs the useful region of operation, 
which is restricted at high currents by mode instability and overheating 
of the cathode and at low currents by poor spectrum and high pushing. 



liL, 19 7 CM16B inagiietiOJi 



Milliamperes 

Fig. 19-8. Pcrforniancp chart for CM16B magnetron. 

Figure 19-9 illustrates the variation of output power with tuning; the 
reliable tuning range is limited by a tendency to shift modes beyond 
the extremes of the band shown. The pulling figure is 8 Mc/sec, and 
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the pushing figure at an operating point of 100 ma and 1400 volts is 
20 Mc/sec per amp. 

The screened, oxide-coated cathode is capable of dissipating the back- 
bombardment heating that accompanies up to (iOO watts input power. 

The heater rating is 3.5 amp at 
6.3 volts; this consumption is re¬ 
duced during operation at input 
powers in excess of 150 watts. 
Characteristic scale factors and 
dimensions for the 16-vane double¬ 
ring-strapped anode block are 
listed in Tables 19-4 and 19-5. 

Tuning is accomplished by 
moving a shorting ch()ke in a 
coaxial line (u)upled to the straps 
on one end of tlu' 1)1 ock. As 
may be seen from Fig. 19T0, 
the vacuum is retained by a glass seal near the anode block, so that 
the portion of the line in which the choke moves is at atmospherit; 



Frequency in Mc/sec 


Fig. 19-i).—Frequency charat;t eristic; of 
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Table 19-4.—( ■haractehistic Scale Faituhs for CMKili Mailnltudn 


X, rin 

(B, gaii.ss 

.4, amp 

11, kv 

iC, k\v 

9. mhos 

Qn 

77.> % 


412 

0.301 

0-132 

0.0397 

2.2H X 10 ' 

()00 

so 


Table 19-5.— Dimensions in Inciies of C-MIOH Mac;ni:tjion 
a. Anofle-blofik Dimensions: See Fig. 191c 


fi 


1 , , 1 


1 

i 

-- 1 

i 

0.752* 1 1. 

0.5771 1 

1 

330 

1 

0.230 

1 0.130 

i 

1 

0.400 1 

i 

0.023 

* Between lids, 
t Between pole tips. 

fj. Striipping Dimt'n.sions: 800 

Fig. l!)-2f' 



fH 


j 

1 ') 

' 1 

r 

1 

/■ 

.s 

1 

u 

0.234 


0.1,i4 

0 .134 

0.020 

0.020 

0.040 

0.000 


pressure. Every effort has been made to reduce the frequency sensitivity 
of the tuner through keeping its length at a minimum, for such frequency 
sensitivity introduces mode-shifting tendencies that markedly restrict 
the reliable tuning range. A 4-cm motion of the shorting choke is 
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required to cover the band of Fig. 19-9. Without changing its con¬ 
struction, the CM16B has been made electronically tunable by the 
substitution of an ETIO reactance tube for the mechanical tuner, and 
it has been stabilized by a factor of 10 by replacing the tuner with a 
cavity. 


Outer strap broken and ’^ote: Cathode is decentered 



^ Radiator 

Fl&. 19-10.—Cross .sections of OMIGB maKnelrnn. 


19'3. 2J38-2J39 Low-voltage S-band Magnetrons.^ —The 2J38 and 

2J39 are fixed-frequency pulsed oscillators designed for operation at 
pulse-power output levels ranging from 2.5 to 10 kw. The frequency 
of the 2J38 lies in the band from 3245 to 3207 Mc/sec; that of the 2J39 
lies betvvreen 3207 and 3333 Mc/sec. Coaxial outputs that fit standard 
i-in. coaxial-line components are provided; the cathodes are mounted 
radially’', and the magnets are attached to the tubes. 

Reliable operation may be expected with pulse current and voltage 
inputs ranging from 2.5 to 7.5 amp and from 3 to 10 kv. At currents 

* Data for Sec. 19-3 submitted by J. R. Feldm^ier, 


























Sec. 19-3] 2/38^2739 LOW-VOLTAGE S-BAND MAGNETRONS 


749 


above 7.5 amp mode instability may be encountered, and below 2.5 amp 
the spectrum becomes poor. Occasional tubes may be seasoned to 
cover the extensive region shown in Fig. 19-11. The operating lines 
for the magnets provided and set by the manufacturer are shown in this 
figure; it may be seen that the pulse-power output ranges available under 
this condition are 2.5 to 8 kw for the 2J38 and 5 to 12.5 kw for the 2J39. 
These low levels of operation were established to rt^duce magnet weight 
and input power and to ensure stability. A maximum of 200 watts 
average power, at a maximum pidse duration of 2 /isec, may be put 
into either type. The pulling figures are 13 Mc/sec maximum for the 
2J39 and 7 Mc/sec minimum^ for the 2J38. Figure 19T2 is a Rieke 
diagram for these tube types. 

An unscreened, oxide-coated cathode with a heater rating of 1.3 amp 
at 6.3 volts is used; at average input powers in excess of 55 watts the 
heater consumption shoidd be reduced, and above 160 watts the heater 
should be turned off. Characteristic scale factors and dimensions for the 
eight-oscillator vane-type block are listed in TabloKS 19-() and 19-7. 


Table 19 6,—Characteuistic Scale Factdr.s for 2J38 and 2J39 Macnethuns 


X, cm 

CB, gauss 

amp 


kv 

It', kw 

S, mhos 

Ou 


C 

L 

9.1 

682 

2.52 

1 

1 

1 

.22 

3.07 

2.07 X 10'3 

1500 

90 

0.0020 


Table 19-7.— Dimensions in Inches for 2.J38 and 2J39 Maonetkons 
a. Anode DiiTicnsions; See Fig. 19-1 c 


a 

i- 

b 

r/.. 

dr 

h 

t 

0.750* 
0.550t 1 

1.330 

0,316 

0.120 

0.475 

0.060 


* Between lids, 
t Between pnle 

fc Strapping Diimuisions: Sec Fig. 19-2b 


- 1 

m 

1 

// 

f) 

7 

■If. 

7.' 

0.242 

0.211 

0.1 so 

0.020 

0.050 

0.039 


An unusual feature of the construction is the octagonal wire strap shown 
in Fig. 19-13. Separation of the frequencies into the two bands is 
achieved by adjustment of this strap. 

^ The unusual prapticp of specifying a minimum pulling figure was adopted in 
order to ensure that these tubes e^oiild be "pulled” to a preeise beaeoii frequency. 
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Section A-A 
showing cathode 
pipes revolved 90 ° 

Fig. 19-13.—Cross seutiDiiiS nf 2.J3H anil 2.J3.4 nijignetrons. 
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Although identical internally, the 2J38 and 2,139 differ in their 
external features. The 2J38 shown in Fig. 19*14 is provided with a 
larger radiator and with a bracket in which a thermostat may be mounted; 
these additions permit close control of the block temperature as a means 
of preventing thermal frequency drift. Figure 19-15 shows the simpler 
exterior of the 2J39. Forced-air cooling is required by either type. 



Fig. 19-14.— 2J38 maEnDtron. 

Both magnetrons may be mounted from the output, and the 2J39 may 
in addition be mounted from a flange at the base of the input pipes. The 
total weight of the magnetron and magnet is 2 lb 10 oz for the 2J38 
and 2 lb for the 2J39. 

Further information on the operation of these tubes may be obtained 
from the manufacturer’s technical-information sheet. 

19-4. Type 2J22-2J34 10-cm Pubed Magnetrons.^ —The 13 magne¬ 
trons of this series are fixed-frequency pulsed oscillators, designed for 

^ Data for Sec. 19-4 submitted by F. F. liieke. 
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operation at pulse-power output levels ranging from 25 to 300 kw. Three 
basic anode-block designs are employed; one for the 2J22 (3267 to 3333 
Mc/sec), a second for types 2J23 to 2J29 (2913 to 3100 Mc/sec), and a 
third for types 2J30 to 2J34 (2700 to 2900 Mc/sec); within each group 
different frequencies are obtained by varying the strap capacitances. 
Externally the tubes are alike, and they are mechanically interchangeable. 



I iLj 19 15—2J.i9 niugiietj un 

Separate magnets are used The cathodes are mounted radially, and 
the outputs are coaxial. 

Operation is reliable over a range of pulse current and voltage inputs 
extending from 8 to 30 amp and from 10 to 22 kv (Eig. 1916). 
power operation is limited by mode changing and deterioration of the 
spectrum, and high-power operation by arcing. With specially designed 
output connections it is possible to select and season tubes to perform 
satisfactorily at 2800 gauss, 31 kv, and 35 pulse amp, with a pulse-power 



Peak kilovolts 
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output of about 750 kw. A maximum average input power of 600 watts 
may be employed; the maximum specified pulse duration is 2.5 /isec. 
The pushing figure averages 0.3 Mc/sec per amp, and the pulling figure 
is corrected to a value not exceeding 15 Mc/sec by means of a trans¬ 
former incorporated in the output coupling; the Rieke diagram of Fig, 
19-17 applies to operation with the recommended transformer. 



Fiq. 1919. — 2.T22 to 2.134 type iiiaKnctroriH. 


The cathodes are oxide-coated, with heater ratings of 1.5 amp at 
6.3 volts. Characteristic scale factors and dimensions for the 2J32 are 
given in Tables 19-8 and 19-9. The eight-oscillator hole-and-slot 


Tabj.e J9 8.— Charai teuistil’ Stai.e Factors for 2J32 Magnetron 





















TABiiE 19-9.— Dimensions in Inches of 2J32 Magnetron 
a. Anorlft-blonk Dimp.nsions: Sec. Fig. 19-lb 


a 

b 

c 

r/n 

r/r 

h 

W 

1.279 

1 310 

0.398 

0.635 

0.235 

0.777 

0.090 


b. Strapping Dimensions; See Fig. 19*2a 


m 



!Z 


u 

0.415 



0.020 


0.060 
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anode block of this tube is shown in Fig. 19-18; the magnetrons of the 
other two groups differ only in the oscillator dimensions and in the 
strapping details. 

A magnet with l^-in.-diameter pole faces and a gap of 1^ in. is 
required. The magnetron is mounted from the circular flange at the 
base of the input pipes, and forced-air cooling must be provided. Figure 
19T9 shoAvs the external appearance of a tube of this series. The weight 
of the magnetron is 2 lb 4 oz. 

Further data on the 2J32 are contained in Chap. 7 of this volume. 
See also Radiation Laboratory Report No. 451, ^'Analysis of Magnetron 
Operation, Part 2.'^ 

19'6. 4J70-4J77 High-power S-band Tunable Magnetrons. —The 

series of eight magnetrons numbered 4,170 through hT77 provides tunable 



field = 2700 gau.ss Pca,k cur^nt = 70 fim|i 

Pulse duration =0.8 ^sec 400 pulses per set- 


coverage of the region of the spectrum between 2700 and 3700 c/sec. 
Individual tubes of the series tune approximately 5 per cent (Fig. 19-20) 
by means of the attached cavity and operate as pulsed oscillators at 
pulse-power levels ranging up to 1 mAv. From 4J70 through 4,173 
the output circuits are terminated in 1^- by 3-in. waveguides, Avhile the 
remaining types arc equipped AA’ith If-in. coaxial outputs. The cathodes 
are mounted radially, and a single model of detached magnet serves the 
entire series. 

The useful range of pulse voltage and current inputs (Fig. 19-21) 
lies between 15 and 30 kv and between 20 and 80 amp, with corresponding 
pulse-power outputs from 300 to 1000 kw. At voltages or currents 
higher than those indicated, excessive sparking may occur; operation 





Sei'. l>j 5J HIGIi-rOWER 8-BAND TUNABLE MAGNETRONS 


757 


in the low-power region is limited by mode instability. At a fixed operat¬ 
ing point, the power output varies less than ^ db as the magnetron is 
tuned over a 6 per cent band. The rated maximum average input 




power is 1200 watts. Pulse durations up to 2.5 ^sec may be employed. 
A maximum pulling figure of 10 Mc/sec is specified, and pushing does 
not exceed 0.1 Mc/sec per amp. 
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The screened, oxide-coated cathodes are provided with **steps'' 
to improve oi>erating stability (see Chap. 12). Heater consumption is 
3 amp at 16 volts; when the block input power exceeds 200 watts, it is 
desirable to reduce the heater voltage during operation. Vane-type 
construction and double-ring strapping are used in the 12-oscillator 
anode block (Fig. 19-22). Characteristic scale factors for the tubes at 
either limit of the series are listed in Table 19-10, and tube dimensions 
are given in Table 19-11. 


Table 19-10. —Characteristic Scale Factors for Cavity Tunable MACfNETRONs 


Type No. 

X, cm 

(P., 

gauss 

fi, amp 

V, kv 

(P, kw 

9, mhos 

Qn 

let % 

C 

L 

4J77 

10.7 

502 

12.8 

2.42 

31.0 

5.29 X 10--^ 


92 

0.019 

4J70 

8.5 

633 

25.4 

3.S4 

97.6 

6.61 X 10-^ 


89 

0.031 


Table 19-11. —Dimensions in Inches of 4J70 and 4J77 Magnetrons 
a. Anode-block Dimensions: Sec Fig. 19 lc 


Type No. 

rr 

b* 

da 

dr 

h 

t 

4J70 

1.561 

1.476 

0.788 

0.452 

0.788 

0.138 

4J77 

1.561 

1.748 

0.788 


0.788 

0.138 


* Diameter arriisa flats. 


6. kStriipjjing Diinnnsions: Seic* 19-2c 


Type No. 

in 

n 

0 


7 

r 

s 

?/ 

4J70 


0,499 


0.417 

0.030 

0.020 

0.050 (oilier) 

0.07.'i 








0.056 (inner) 


4J77 


0.499 




0.020 

0.050 

0.07.T 


Tuning is accomplished by the ‘‘cavity-tuning" principle described 
in Chap. 14. Figures 19-22 and 19-23 illustrate how the shalloAv, cylin¬ 
drical cavity is coupled electrically to the anode block by mc^ans of an 
iris. This cavity, in addition to its tuning function, stabilizes the 
magnetron by a factor of 1.6. The tuning diaphragm is actuated by a 
mechanism terminated in a standard fitting to which may be attached 
a length of flexible shafting to permit remote control of the frequency. 
The rate of tuning is approximately 3 Mc/scc per revolution of the 
shaft, and the tuning range is limited by stops to the band shown in 
Table 19-12. Because the diaphragm is flexed beyond its elastic limit, 
mechanical hysteresis occurs, and a frequency difference of several 
megacycles per second may be observed at a given tuner setting when 
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Table 1912.— Frequency Bands of Magnetrons of the 4J70 to 4J77 Series 

See Fig. 19-20 


Type Nf). 

FreLjuiiiiey a t A^ Mc/sec 

Frequency at/?, Mc/sec 

4.] 70 

3540 

3710 

4J71 

3390 

3500 

4.J72 

3240 

3410 

4J73 

3090 

3260 

4J74 

29S0 

3110 

4J75 

2890 

3010 

4J76 

2790 

2910 

4J77 

2690 

2810 


that sotting is approached from different directions. The life (expectancy 
of the diaphragm is 10,000 cycles. 

Eithcer the ovitpiit or the mounting flanges at tlue base of the input 
pipes may be used to mount the magnetron. "^^Fhe latter mounting is 



Fiq. 19-23.—Cutaway view of 4J77 maKUBtron. 


most useful where it is desired to pressurize the high-voltage components. 
A magnet with a 1.770-in. gap and li-in.-diameter pole faces is required. 
The weight of the magnetron and its associated magnet is approximately 
40 lb. 
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A more complete description of the theory and construction of this 
series of magnetrons may be found in Radiation Laboratory Report 
No. 1006, ‘‘The 4J70-4J77 Series of Tunable Magnetrons.''^ 

19-6. The HPIOV High-power S-band Magnetron.'—The HPIOV is 
a high-power pulsed magnetron, operating at a fixed frequency in the 


I 



2800 Mc/sec band. Pulse-power 
outputs ranging up to 2500 kw 
are available. The cathode is 
mounted radially, and the higVi- 
voltage input is in the form of a 
moulded bakelite bushing designed 
to plug into a receptacle on the 
pulse transformer (Figs. 19-24 and 
19-25). The coaxial output fits 
standard ll-in. magnetrf)n cou¬ 
plings, vhieh must be pressurized 
for high-poAver operation (abo\ (* 
1000 to 1500 kAv). A detached 
magnet is used. 

Useful pulse voltage inputs 
range from 30 to 50 kv. At the 
loAVcr voltage, operation is stable 
betw'taui (>0 and 200 pulse amp, 
Avhile at the 50-kv level the cur- 


Fm. 19-24.—HPIOV magnetron. rent range is re.strictPfl tn the 

region betAveen 100 and 140 puls[‘ 
amp by excessive internal sparking at the upper limit and by deteriora¬ 
tion of the spectrum at the loAA^er (oAving, possibly, to the poor form 
of the impressed voltage pulse). Operation below 30 kv is satisfactory, 
but the efficiency is low. Reliable pulse-poAver outputs extend from 
500 to 2500 kw as shoAvn in Fig. 19-2(), with a recommended operat¬ 
ing point of 1850 gauss, 48 kv, and 130 amp at the 2500-kw level. Tht^ 
rated maximum average power input is 2500 watts, and the maximum 


1 The magnetrojis numbered 4J31 through 4J35 are fixed-frequcnny pulsed oseil- 
lators Avith an anode-block and cathode structure identical Avith that of the 4iJ7t) 
and 4J77. These magnetrons have operating characteristics quite similar to those 
of the tunable series, and they are mechanically interchangeable A\dth types 4J74 to 
4J77. The frequencies lie in the range 2700 to 2900 Mc/sec, with the different types 
separated by changes in strap capacitance. 

The group of tubes from 4J30 through 4J41 has an anode-block and cathode 
structure identical with that of the 4.170 and 4J71; these types are meclianically and 
electrically interchangeable with the 4.170 to 4J73 group. The frequencies are fixed 
and lie between 3400 and 3700 Mc/sec. 

2 Data for Sec. 19-6 submitted by R. T. Young, Jr. 
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Fi(t 10 25 - Mouiitpil HPIOV magnpti[)n 



Peak amperes 

PiL 10 20—PerfonnancB chart for HPIOV niaKnetion 
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pulse duration is 1 /xsec. rulling figures for average tubes fall between 
8 and 13 Mc/sec, and it is evident from Fig. 19-27 that nothing is to be 
gained by increasing this loading. 

The screened and oxide-coated cathode is provided with end shields 
which, to inhibit sparking, present only flat or rounded surfaces to the 
anode block, while for the same reason the supporting leads are designed 
lor the minimum field gradients consistent with available clearances. A 
current of 8.5 amp at 13 volts is drawn by the heater when the magnetron 
is started; during operation the heater should be turned off. Localized 



Frequency of 0 Me contour =2820 Mc/sec 
Fig. 19-27.— Rieke diaKraiii for HPIOV iiuiKiiRtroti. 


deterioration of the central portion of the cathode during operation is 
attributed to excessive back bombardment in this region because' of axial 
nonuniformity of the magnetic field and/or of the r-f voltage. The 
unusually long 10-oscillator anode block is of vane-type construction, 
with a single ring strap, as shown in Fig. 19-28. Attempts to increase 
the 3 per cent mode separation of this design by a heavier strapping 
introduced a mode change at high currents. Violent 50- to 300-Mc/sec 
oscillations of the current and voltage are observed in isolated regions 
of the performance chart; it is thought that an electronic instability, 
characteristic of the long anode block, may cause an excitation o| an 
oscillatory circuit in the pulse generator or input leads. All sharp edges 
in the anode block and in the straps are broken. Characteristic scale 
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Output 



I'ln 19 13 —ruARArTEHisTir Stai k Fm'toks for the IIPIOV Magnetron 


X, rm 

(R, giuiss 

amp 

■u, kv 

(P, kw 

g, mhos 

0. 

Vc} % 

C 

L 

10 0 

033 

70.8 

0 03 

568 

8 82 X 10-= 

1500 

93 

0 033 


Tabj.i: 19 14. — Diaii.nsion.s in Inches of IIPIOV Magnetron 
a. Anodc-blofk Dmiensions: See Fig 19 1c 


0 

b 

da 

dr 

h 

i 

2 440 

2.255 

1 181 

0.596 

1.575 

1 0 236 

1_ 


b. Strapping Dimensions: See Fig. 19 2a 


m 

n 

0 

7 


u 

0.801 

0.680 

0.621 

0.060 


160 
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factors and block dimensions for the HPIOV arc listed in Tables 19*13 
and 1914. 

The magnetron is mounted by means of the input bushing. A magnet 
with a gap of 2f in. and with pole faces of 2f-in. diameter is required; 
the combined weight of the magnet and the magnetron is approximately 
100 lb. A Avater jacket which is an integral part of the block provides 
the means of cooling the tube. 

Further details of the construction and operation of the HPIOV 
may be found in the following reports: Radiation Laboratory Report 
No. 793, ''Present Status of High PoAAer at S-Band’'; Radiation Labora¬ 
tory Report No. 682-6, "Line Type Modulator and HPIOV Magnetron 
Operation at 6 Megawatts”; and NDRC 14-423, "Final Report Concern¬ 
ing Development AVork Done on Contract OE]Msr-l 146.” 

19-7. The BM60 Very Low Power X-band Magnetron,^ —Of interest 
because it is designed to operate at a pulse-power output of only 50 watts, 



Fia. 1,9-29.—Allude liloek and eaLhorlo of BM50 magnetron. 

the BM50 is an experimental magnetron with a fi.xed fnuiueiicy of 9375 
Mc/sec. It has been tested under c-w as well as pulsed conditions of 
operation. Thu cathode is axially mounted, and the output circuit is 
of the coaxial-to-waveguide transition type, as shown in Fig. 19*29. An 
attached magnet has been used. 

As a pulsed oscillator, the BM50 operates stably over a range of 
pulse-input currents and voltages from 75 to 300 ma and from 600 to 
1600 volts. Reference to Fig. 19*30 indicates that the corresponding 

^ Data for Ser. 19-7 svibinittRil by J. R. ridflmeipr. 
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Frequency of 0 Me contour =9378 Mc/sec 
Fiq. 19'31.—Rieke diagram for BM50 magnetron. 
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"halo loop" 
output 


- Steel pole piece 


pulse-power output ranges from 10 to 100 watts. At currents in excess 
of 300 ma mode instability is encountered, whereas below 75 ma the 
efficiency is very low. Because of the heavy internal loading introduced 

by copper losses, operation is 
unstable at pulling figures in ex- 
M ^ cess of 15 Mc/sec (see Fig. 19-31). 

From the pushing contours in- 
c^luded in Fig. 19-3(), it may be 
^seen that pushing is moderate at 

currents above 150 ma. 

;\ ^ n The screened, oxide-coated 

^ j>1 Z^,^ .U — cathode has a heater rating of 
Anode block ^sQ 0.33 !imp iit 6.0 volts. Limited by 

of vanes) l coaiiiai cathodc, whicli was designed 

"halo loop" for pulsed operation, the BM50 
has been oscillated under c-w con- 
. -Wy ditions at input powers up to 130 

at 840 volts. Figure 19-32 
Glass seal= sieel pole piece illiisti ates the iiovcl method used 

^ in strapping the 30 -vane anode 

block; to avoid the necessity for 

' Input lead . - . , 

» grooving the tiny vanes, they art^ 

staggered axially, so that the sin¬ 
gle ring strap at either end of 
the anode rests only on alternate 
vanes. Characteristic scale fac¬ 
tors and dimensions for this block 
— —V are listed in Tables 19-15 and 
Enlarged view Df vane lip fQ-jQ Alorc detailed iiiformu- 
riG i9-32.^-c,o.s., .^ectiGn. of BM50 obtained from Radia- 

magnetron. The vertical |]o.sitirjii of the _ * , „ 

vaue marked A is that of a vane adjacent to tion Laboratory IlepOl't No. 1(K)^ . 
the one ill the idane cif the draw^ This is ^g.g^ 2J41 LoW-poWCI Stabi- 

doiie to illustrate their staggered arrangement. 

lized X-band Magnetron.^ —The 

2J41 magnetron is a pulsetj oscillator, tunable over the range from 9290 
to 9330 Mc/sec. Pulse-power outputs up to 1.25 k\v may be obtained, 
with a frequency stability of 1 Mc/sec over a wide range of load, tem¬ 
perature, and input conditions. An X-band-wavegiiide coupling 
terminates the output circuit, and the magnet is an attached type. 

Operation of the 2J41 is satisfactory between 0.25 and 2.0 pulse amp 
and between 1.25 and 3.0 kv. At currents higher or lower than those 
indicated, mode instability is encountered. As may be seen from Fig. 
19-33, the useful pulse-power output ranges from 200 to 1250 watts; 

' Data fur Sen. 19-8 HubmitiRd by M. A. Herlin. 


Enlarged view of vane tip 

Fig. 19-32. —CiDs.s sectiun.s of BM50 
magnetron. The vertical |]o.sitirjii of the 
vaue marked A is that of a vane adjacent to 
the one in the [jlarie of the drawing. This is 
done to illu.strate their staggered arrangement. 
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the maxiinum average power input is 10 w^atts, and the maximum pulse 
duration is 0.5 /xsec. The pulling figure is 1.5 Mc/sec (see Fig. 19*34), 
and the pushing figure is approximately 2 Mc/sec per amp. 



Peak amperes 

I'kj. 1 n .'JU.- PerformiiiHu i hait for 2J41 magnetron. 

An uiLsnieeiied, oxide-eoatcnl cathode with a heater rating of 0.36 
amp at 5.0 ^'olt.s is used. Characteristic scale factors for the 12-oscil- 


T.xHi.r: IfM ('nAUAi'TEuisTic Sf’ACE Fautohs fob BM50 Magnetrons 








Q„ 













Tahj.e 191().— Dimensions in Inches of BM50 Magnetron 
fi. Aiiotie Diiiionsions: Si*p Fig. 191c 


U 

b 

r/„ 

f/,- 

e 

f 

h 

t 

0.2i)4 

0.458 

0.101 

0.065 


0.008 

0.095* 

0.015 


* Viine length. 

b. Strapping Dimensions: See Fig. 19-2ri 


m 

n 

,S‘ 

u 

0.110 

0.070 

0.005 

0.005 










[Skc, lf) R 



le only, 

le blofk und .sluliilizL?r r;otii1)ininl. 

Table 19-18.—Dimensions in Inches of 2.J41 Ma^one'iron 
a. Anode Dimciisums: See Fig. 19Tc 




35 




b. Strapping Dimensions: See Fig. 19-2f; 


m 

n 



7 

r 

,s* 

K 

0.153 

0.118 



O.O20 

0.020 

0.015 

0.030 










Sel;. 19 8| 2J41 LOW-POWER STABILIZED X-BAND MAGNETRON 709 



The magnetron is tuned by means of a plate suspended above one end 
of the block. This plate, which appears in Fig. 19-35, is perforated with a 
circular hole concentric Avith the anode block, so that only the rear 
portions of the oscillators are covered. Adjustment of a screw raises 
or lowers the tuning plate, the frequency being increased as the plate 
approaches the block. A stabili¬ 
zation of approximately 10 is ob¬ 
tained Irv coupling a high-Q, 

1 1 'lnj )(uature-compensated, inv ar 
caAoty to the output line; at this 
high vahi(‘ of stabilization it is 
necessary to i n t r o d u c> e heavy 
mode (hiiiiping l)y the insertion 
of polyiron posts in the Avave- 
guide ai- null-A^oltage points for 
the operating mode. The 40- 
Mc sec tuning range shoAvn in 
Fig. 19-30 is covered by tuning 
1 lit' stal)ilizer only; l)y tuning both 
ih(‘ magnetron and the stabilizer 
a I’ange of 100 M c/sec can be 
achicAa'd A\'ithout excessiAc drop 
in power or increase in pidling 
figure. 

Figure 19-37 shoAvs the unusual 
construction used in the 2J41. A 
st,ainl(\ss-steel eiiA elope, i^-ting as 
the vacuum seal, surrounds the 
l)lock, pole pieces, and tuner 
mechanism. T h e p o 1 e pieces, 
while boltt'd to the lilock, are 
electrically insulated and are oper¬ 
ated at cathode potential, so that 
th(\v si'rve as enfl shields. The 

ass(‘mbly of magnetron, magnet, and stabilizer, Aveighing 0 lb, is attached 
rigidly to the output flange, from AA'hich the tuV)e is to be mounted. I'his 
is shoAvn in l^g. 19-38. I'orced-air cooling is not requii ed. 

Further didails of tlie theory and performance of the 2J41 may be 
obtained from the follow ing Itadiation Laboratory Reports: 52- 5/10/45, 
'‘Magnetron Frequency kStabilization Avith Application to the 2J41 
Magnetron^’; and 52—9/3/45, “Performance Characteristics of the 
2.141 Stabilized Magnntron and the liffects of Parameter Variation.” 
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19-9- The 2J42 Low-voltage X-band Magnetron.’ —The 2J42 magne¬ 
trons operate as pulsed oscillators with fixed frequencies located in the 
band from 9345 to 9405 Mc/sec. Pulse-power outputs ranging up to 
20 kw are available, and later models of the tube are stabilized by a 
factor of 2. The cathode is mounted axially; and as manufactured, the 



9290 9300 9310 9320 9330 

Frequency in Mc/sec 

Peak voltage = 2.5 kv; Peak current = 0.9 amp 
Fig. 19*36. - Tuning curve for 2J4L magnetron. 



\ _. _ _ . „. 

Fig. 19*37.—Exploded view of 2J41 magnetron. 


magnet is attached to the tube. The output is of the coaxial-to-wave- 
guide transition type, terminating in an X-band-waveguide coupler. 

The useful range of pulse voltage and current inputs lies between 
4 and 8 kv and between 2.5 and 6.5 amp, with corresponding pulse-power 
outputs from 5 to 20 k\v. To make use of the full range an electromagnet 
must be substituted for the standard permanent magnet. At voltages 

* Data for Sec. 19*9 submitteJ by J. R. FeldmciRr. 





Peak ki<avolts 


Sal. 19 91 THE 2742 LOW-VOLTAGE X-BAND MAGNETRON 



1 1 & 19 38 — 2J41 magnetron and magnet 



0 2 4 6 B 10 

Peak amperes 

^Operating line for standard attached magnet 
1 II. 19 19—Feifornianre rhai t for 2J42 magnetron 
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Input lead 


y,Teater than 8 kv, excessive sparking may occur; while at currents below 
2.5 amp or above 6.5 amp, mode instability is encountered as illustrated 
by Fig. 19-39. Up to 80 watts of average power may be put into the 
magnetron, and pulse durations up to 2.5 ^isec are permissible. A 
maximum pulling figure of 15 
M c/sec is specified (Fig. 19-40). 

For currents greater than 4 ami) / 

ili(‘ ])ushing figure is usuall}^ less / / \ 

til an 1 M c/sec per amp. I I i i 

A screened, nickel-sleeve cath- I I J I 

o(l(^ with oxide coating is used. \ \ y J 

During operation at average in- \ / 

put powius in excess of 30 watts, n’ i ! j i 

the normal heater poiver con- 
sum])tion of 0.48 amp at 6.3 volts 
should lie rc'diictul. The 12-oscil¬ 
lator double-ring-strapped anode ^ steel pole piece 

block shown in Fig. 19-41 is of 
vaiK'-type construction. Charae- 
teristic scab' factors for this block 
are listed in Table 19-19, and tube 
dimensions are given in Table 
19-20. 

Latiu’ models of the 2,142 are 
stabilized liy including in the out¬ 
put (circuit a special waveguide 
section containing a half-wave- Anode ^ 
length lesoiiant cavity formed by 
two cylindrical posts extending 
across the guide. AVhen tuned to 
the magnetron freiiuency, this 
cavity provides a stabilization of 
2, wliich has been used to increase 
the p[)W(‘r output at the 15 Mc/sec -HalD’’ outpui loop —I 

pulling figure rather than to re- umi. siM tions oi 2 .J 412 nuig- 

duce the pulling figure. By mak- nptinu. 

ing the cavity adjustable, it wmuld be possible to obtain a 1 per cent 
tuning range. 

The 27-oz Alnico V magnet supplied with the tube provides a lield 
of 5300 gauss at saturation; this field is reduced during the factory 
I)rocessing until the operating voltage at 4.5-amp pulse current lies 
between 5.3 and 5.7 kv (see Fig. 19-39). Figure 19-42 shoAVS hoAv the 
magnet and the block are rigidly attached to the mounting plate, wdiich 




m 


'Halo" Dutpul loop —I 

Crnsfs siM'tions of 2.J42 nuig- 
iiftrnn. 
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serves also as the output flange. Two struts connecting the block tu 
the mounting plate are used as cooling radiators, and a small current of 
air should be directed over these during operation. The weight of the 
entire assembly is 3 lb. 


I 

Fig. 19 42.—2J42 magnetion and iiuigiict 

1 



Flo. 19-43.—Cutaway view of 72.’5A magnetrun. 

19-10. The 726A Magnetron.^ —This magnetron is a fixed-lrcqueiiey 
pulsed oscillator operating at pulse-power levels up to 70 kw in the 
frequency band from 9405 to 9345 Mc/sec. The cathode is radially 
mounted, and a separate magnet must be used. A standard X-band- 
waveguide coupler terminates the output circuit, which is of the coaxial- 
line-to-waveguide transition type as seen in Fig. 19-43. 

' Data for Rer. 19 10 Hubiiiittpd by L. U. Walker. 
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The useful range of pulse voltage and current inputs lies between 7 
and 16 kv and between 4 and 16 amp. As may be seen from Fig. 19-44, 
the corresponding range of pulse-output powers extends from 10 to 70 
kw. Low-power operation is limited by decreasing efficiency, while 
the high-power boundary is determined by arcing and overheating of the 
cathode. No mode shift is observed within the operating region set by 
these conditions. The maximum average power input at a pulse duration 
of 1 /isec. and a repetition rate of 1000 pps is 150 w^atts. A maximum 



])ulse diivatioM of 2 /^sec is permissible. Figure 19-45 show^« a Rieke 
iliagrain for the 725A; the nominal pulling figure Ls 15 Me/sec. 

The cathode consists of an oxide-impregnated nickel mesh, formed by 
sintering nickel powder to a heaA'y-walled nickel slee^'C. The heater 
rating is 1 amp at volts; during operation this heater power should 


Tahi.k 19 - 2 L—CnAHAL’TERisTic Scale Factdrs cdk 725 A Maunethun 


X, I’lii 

(R, gfi\iss| 

‘I, amp 

V, kv 

1 

li’, kw 1 

S, mlios 

Qu 

Vr, % 

C 

L 







HoO* 

73* 


3.20 

USO 

7.05 

1.82 

12.S 

3.87 X ID - ’ 


821 

0.026t 


* Uole-and-Hlnt viM-sinu. 
t Viiue type. 





TYPICAL MAGSETtiONS 


[Skc. 1910 


Reflection 


coefficient 


+5 Me 


/ // 


Magnetic field 
5500 gauss 



Peak current 
10 amperes 


---—--- 

Frequency of 0 Me contour = 9375 Mc/sec 

Fig. 19-45. — Itiekp diagram for 725A magiiotiDii. 


^ Steel insert 

^ "Halo” output loop 

^Cathode lead 







Fig. 19 - 46 .—Croas SBctiniib of 7 ii 5 A inagriptron. 
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be redueefl. Botli vane-type and hole-and-wlot anode blocks have l)CH*n 
manufMetur(‘d, each Avith 12 oscillators. Characteristic scale factors for 
these bl()(‘ks are listed in Table 19-21, and Table 19-22 gives the dimen¬ 
sions of both models. The hole-and-slot construction is illustrated by 
Tig. 19-4(i. 


"FAfli.E 19 22.— Dimensions in Inches for 725A Magnetron 
a. AiiDilo Diniciisioris, ITolc-aiirl-slot VcrsiDii: Fig. 191?) 


(1 

h 

r 

il. 

dc 

h 

'H- 

0. .^37 

0.391 

0.079 

0.204 

0.102 

0.250 

0.021 


h. Strfipj)ing DiiTH'iisinjis, Holc‘-an[l-sli)t. Vf'r.sioii: Snn Fig. 19 2c 


rn 

//■ 

0 

V 

9 

1 ^ 

1 

! . S ' 

1 'H 

! 

0 173 

0.152 

0 . 130 

0.117 

1 

0.010 1 
i_ 

0.010 

0.035 

0 047 

j 


r:. Anodn DiiiiciisiDiis, Vane Type: 8 im‘ Fig. 191c 


ri 

h 

d. 

dr 

h 

t 

0.545 

0.524 

0.204 

0.102 

0.250 

0.030 


f/. Strapping Dimensions, Vane Typo: Soo Fig. 19-2f‘ 


7)1 

71. 

0 

P 

Q 

r 



0.17S 

0.1 .Ki 

0.123 

0.114 

0.014 

0.014 

0.015 

0.02.5 


A magnet with a gap of 0.635 in. and a pole-tip diameter of | in. is 
requinul. Thi' tube is mounted by means of a circular flange to whieli 
the anode lilock and ladiators are rigidly attached, f^orced-air cooling 
must be providt'd. d'he AMught of the magnetron is 1 ^ lb, while a magnet 
suitable for operating the tube at 12 kv Aveighs 8 lb. 

Several variations of the 725A have been produced. Type 730A 
is identical except for the positioning of the input leads, which are located 
180° from the output circuit. The 2J49 and 2J50 differ from the 725A 
only in freiiuency, the r-f output of the former lying between 9003 and 
9108 Mc/sec and that of the latter between 8740 and 8890 Mc/sec. 
The 2,153, Avith the same frequency as the 725A, has a special cathode 
structure designed for operation at high levels and at 5-gsec pulse dura¬ 
tion: at 1 /isec and 1000 pps the aA crage poAver input can be as high as 
230 watts; Avhereas at 5 jusec and 200 pps, 200 Avatts may be put into the 
tube. 
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The 2J61 Magnetron.'- -The 2J51 is a merhanically tunable 
magnetron vath an attached magnet, and it. is designed for pulserl 
operation in the frequency range from 8500 to ROOO Mc/sec. 

Basically, the tube is an adaptation of the Western Electric 725 to 
permit mechanical tuning. The anode block in the tube is a simple 
variation of the block in the 725 (see Fig. 19-47a). Operation is at 14 ky 
and 14-amp pulse current at the magnetic field supplied by the attached 
magnets. The output circuit used for the 725 has been modified in 
dimensional details so that the tube, when loaded by a matched wave- 



Fig. 19-47a.—Cutaway view ol 2J51 magnetron. 

guide, will operate at a fairly uniform level of power output and pulling 
figure over the frequency band. 

The cathode is mounted axially through one pole piece of llu‘ tube. 
The tuning mechanism is mounted through the other pole piece. Tuning 
is accomplished by means of 12 copper pins which may be inserted to a 
variable depth in the 12 holes of the anode block. The pins are attached 
to a plunger which is actuated by an external mechanism through a 
monel-metal belhnvs. The external drii^e consists of a worm gear which 
may be turned from a remote point by means of a flexible shaft. 

A schematic cross section of the block region of the 2,151 is shown 
in Fig. 19-47b. Note that the end space between the anode block and 
the pole face has been modified at the tuning end of the tube. This 
^ Data for Sec. ID-Il Hubiiiitteil by V. Kusch. 
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modification enaures that the resonances of the pin system lie at higher 
frequencies than any of the normal operating frequencies of the tube. 

The magnets are adjusted to permit operation at 14 kv and 14-amp 
pulse current at midband. Four magnetic shunts are provided to adjust 




Frequency in mc/sec 

Flu. 19-48.—Tuning characteristics of 2J51 niagiietron. 


the field downwards. Operation at 10 kv and 10-amp pulse current is 
possible. 

The power output, operating voltage, and pulling figure for a typical 
tube are shotvn in Fig. 19.48. The performance chart, the Rieke diagram. 
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and characteristic scale factors for the 2J51 at any frequency are essen¬ 
tially similar to those obtained for the 725 (see Sec. 19-10). 

19-12. 4J60 (4J62, 4J78) High-power 3-cm Magnetron.^ —The 4J50 
magnetron is a pulsed oscillator with a fixed frequency lying in tin' 
band between 9345 and 9405 Mc/sec. It is capable of a pulse-power 
output of 400 kw. The cathode is axially mounted, and an attached 
magnet is used. Radio-frequency power is extracted through a true 
waveguide output, which terminates in a standard 3-cin waveguide 



Peak amperes 

I k;. lM-49. Pt^rftjriiianr’r fliurf fur 4.150 (I.J.’ili, 4.I7SJ ii):ifciii*l r[ni. 


Useful pulse voltage and cuiTent inputs range frnin 12 to 25 kv and 
from 8 to 35 amp. Operation is limited at high powei s by ori'ing and a I 
low powers by excessive pushing, although the tid)e will oia-rate stai)ly 
at currents as low as 2 amp. The reliable range of pulse powers, indi¬ 
cated in Fig. 19*49, extends from 50 to 300 kw. Figure 19* 19 sln)w s th(‘ 
operating line for the attached magnet as supplied and set by Ihe manu¬ 
facturer. 94ie maximum average input power varies from 1200 watts 
at i gsec to 500 watts at 5 gsec. At currents in excess of 15 aiiq), tlu‘ 
pushing figure averages 0.2 Mc/sec per amp; the pulling figure is 12 
Mc/sec. 

The cathode structure, which appears in Fig. 19-50, is carefully 
designed for mechanical riiggedness and high heat dissipation. A 

^ Data for ►Srr. 1912 Hubinitfcnfl by L. R. Wiilkrr. 




Ski:. 11)12] 4/50 (4/52, 4/78) HIGH-POWER 3-CA/ MAGNETRON 


781 


iiiokel mesh, prepared t)y sintering niekel ponder on a heavy nickel or 
inolybdeiiuin sleeve, forms the base for the oxide coating!;, rennendur 
end shields on either end of this sleeve serve also to reduce the magnet 
gap and to shape the magnetic field. An oxide-blackened molybdenum 
cyliniler extends the cathode structure into the opposite pole j)iece anil 



r'lLi, ID-i'in. friiss .siM't iuiis of 4J50 inajj^netroii. (Ciithdiie is der-piitpreii hiueitudiiiall}' 
wilt'll l■llld lo iillow for PxpaiiHiriii of support in operation.) 


acts as a radiator to increase the dissipation of heat. The heater is rated 
at 5 amp and 12.6 volts; at 600 watts input (1-MSec pulse duration) this 
1 ) 0 wer is reduced 50 per cent, and at higher inputs it is still further 
decreased. Tables 19-23 and 19-24 list the characteristic scale factors 
and dimensions of the 16-oscillator anode block, which is of hole-and-slot 
construction with double-ring strapping. 
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Table 19-23.— Characteristic Scale Factors for 4.150 and 4.152 Macnethons 



a 

b 

c 


L 

h 

1/! 

0.380 

0.538 

0.087 

0.319 

0.209 

0.250 

0.033 


h. Strapping DiiiiiMisioiis: Spp in-2c 



Frequency of 0 Me contour = 9375 Mc/sec 
Fio. 19-51t—Rieke diagram for 4J50 (4J52, 4J78) magnetron. 

in Fig. 19-52. At atmospheric pressure electrical breakdown occurs 
across the glass window of the output when the r-f power exceeds 375 kw, 
but this may be prevented by pressurization of tjie line. 
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A four-hole mounting plate, shown in Fig. 19-53, is used to support 
the magnetron in operation. The magnet is protected by a cast-alumi¬ 
num sheathing. Foreed-air cooling i.s required. Total weight of the 
4J5() i.s 9 lb. 



Fig. 19-52.—Cutaway %Trw of 4J52 iiiagnotron. 



Fiu. 19-53.— 4J50 iiuiKnctroii. 


The 4J78 differs from the 4.150 only in its specified frequency, which 
lies between 9003 and 9108 Mc/sec. The 4J52, although identical Avith 
the 4J50 in anode-block structure and frequency, is assembled with a 
lighter magnet and a less massive cathode structure. Figure 19-49 
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shows the operating line for this magnet, as set by the manufacturer; 
the maximum average input power is limited to 500 watts, and the total 
Aveight of the tube is 5^ lb. The 4J52 is illustrated in Fig. ]9'52. 

19*13. The AX9 Rising-sun Magnetron.^ —The AX9 is an experi- 
nicrtal pulsed oscillator operating at a fixed frequency near 9500 Mc/sec. 
A pulse-power output approaching 1 megawatt is achieA^ed by taking 
advantage of the long anode block made possible by rising-sun construc¬ 
tion and by designing the tube for operation at high magnetic fields. 
A direct waveguide output is coupled to one of the resonators through a 
quarter-waA^e rectangular transformer. The cathode is mounted axially. 



Fii;. i.t)-54.~pBrfi7rnianrre chart for AX9 magnetron. 

Performance characteristics for an AX9 magnetron are shown in 
Fig. 19-54; note the anomalous efficiencies in the neighborhood of 3500 
gauss. The tube is intended for operation at magnetic fields greattM* 
than 5000 gauss and at currents above 30 amp. The decrease in effieiem y 
at high magnetic fields is less pronounced than is usual in the rising- 
sun design because of the relatively low ratio of the caA ity depths in 
this tube. At high pulse-power levels the AX9 must be operated at 
low duty ratios in order to avoid excessive cathode heating; the maximum 
aA^Tage input power is 800 watts. When the output power exceeds 
500 kAV, the r-f line is pressurized to prcA'cnt breakdoAvn, Avhich occurs 
particularly near the windoAV of the magnetron output. A Rieke dia- 

‘ Data for Smch. 19-13 through 1917 submittod by S. Millmaii. 
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gram for the tube is shown in Fig. 19-55. The pulling figure is approxi¬ 
mately 16 Mc/sec. 




Fig, —Cross sections of AX9 iiiHgiietroii. 


Figure 19-56 illustrates the essential features of the AX9 design. The 
depth ratio ri of the resonators is about 1.6, ^^■hieh is appreeiably less 
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than that of the 3J31 magnetron (Sec. 19-14). The mode separation 
between the operating or (n = 9)-mode and the (n = 8)-mode is only 
4 per cent as compared with 7 per cent for the 3J31. Permendur end 
shields similar to those of the 4J50 (Sec. 19-12) are used on the cathode. 
Characteristic scale factors and dimensions are listed in Tables 19-25 
and 19-26. 

The long anode block of the AX9 results in a gap of 0.920 in. between 
the inserted magnet pole pieces and requires the use of a magnet unusually 
heavy for tubes ope^rating in this frequency region. A magnet capable 
of supplying 6000 gauss would weigh approximately 40 lb. 


Tablk 19-25. — CHARArTERi.sTie Scale Factors for AX9 Maonetron 


X, cm 

(R, piiiiss 

V, kv 

Qu 

Qf: 

Vr, % 

3.16 

1220 

3.45 

1250 

300 

80 


This design has not reached production (1946), and onl}'^ a small 
number of experimental magnetrons have been studied. Xo life data 
are available. 


Table 19-26. —Dimensions in Inthes for AX9 Mai.netuon 
Sec Fig. 19*In 


a 

' (L 

1 

1 <1^ 

1 

(1 

fl, 

-1 

1- 

t 

0.920 

0.415 

1 

j 0.257 

' 0.757 

_i_ 

' ! 

0.957 i 

! 1 

0.800 

0 043 


19-14. The 3J31 and 3J21 Rising-sun Magnetrons. —The 3J31 is a 
pulsed magnetron with a pulse-power output of about 50 kw at a fixed 
frequency of 24,000 Mc/sec. A direct waveguide output is coupled to 
one of the anode-block cavity resonators through a quarter-wave rec¬ 
tangular transformer. The cathode is mounted radially, and the magnet 
is separate from the tube. 

Figure 19-57 shows the performance chart of a representative tube. 
The useful range of peak voltage and current inputs lies between 11 ami 
16 kv and between 6 and 18 amp, with corresponding pulse-power out¬ 
puts ranging from 20 to 50 kw. Low-current operation is limited by 
high pushing, poor spectrum, and mode instability, while the high- 
current limit is set by excessive sparking. At magnetic fields less than 
6800 gauss the efficiency becomes low and there is a possibility of inter¬ 
ference from the {n = 8)-mode. Operation at fields greater than 8400 
gauss is inadvisable because of the loss of efficiency that occurs in the \I1 
region from 10,500 to 15,000 gauss-cm; this phenomenon is typical of 
rising-sun magnetrons. 
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The nickel cathode is screened and oxide-coatcd. In starting the 
tube the heater draws 1.7 amp at 6 volts. The usual operating pdnt 
is at 7600 gauss, 14 amp, and 14 kv, with a pulse duration of 0.5 iisec 
and a duty ratio of 0.0005. Under these conditions the heater may be 
turned off, and the magnetron null have a useful life of over 200 hi 



r lo 10 f>() .0,1 n iiiiiKiiPti nil 


The nominal pulling hguro ia 25 Mo/aec (aee Fig Ifl oB), \\hih‘ pushing 
averagea 0.5 Mc/sec per amp in the normal operating region 

Rising-sun construction is used in the anode block, uhich hah 18 
sector-shaped resonators of the open-cavity type, with a depth ratio 
T^ of 1 8. Characteristic scale factors and dimensions are tabulated in 
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Tables 19-27 and 19-28. Details of the design of the 3J31 are shown 
in Fig. 19-59. The lids contain iron inserts, leaving an internal air gap 
of 0.410 in. The magnet that is applied to these pole pieces has a gap of 
0.710 in. and a pole-face diameter of f in. The weight of the tube, 
together with the magnet which is normally supplied, is 15 lb. Forced- 




Fu;. If) 02.—3J21 inafEiictron. 

air cooling is required. Figure 19 00 shows the exterii-al appearance 
of the 3J31; a more complete description of its operation may be found in a 
technical report of the Columbia University Radiation Laboratory. 

The 3J21 magnetron (Figs. 19-61 and 19-62) is a modification of the 
3J31. In addition to an axially-mounted cathode and attached magnet, 
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it has a stabilizing cavity incorporated in the waveguide output. The 
cavity stabilizes the magnetron by a factor of 2 and increases the power 
output and efficiency 15 per cent. The usual operating point is 15 amp 
and 15 kv at a pulse duration of 0.5 /usee and a duty ratio of 0.0005; 
this duty ratio may be nearly doubled if the heater is turned off during 
operation. * 

The 3J31 has also been used as the basis for scaling 18-vane open- 
cavity rising-sun magnetrons to wavelengths ranging from 0.9 to 4.0 cm. 

Tables 19-27 and 19-28 give the characteristic scale factors and some 
of the 3J31 tube dimensiops. 


Tablk 19-27.— CHAUArTERisTir Scale Factoks of the 3.J31 MAfJNETRDN 


X, cni 

iB, gauss 

T!, kv 

CP, kw 

1 

Q. 

Qk 

% 

1.25 

3000 

3.3 

4;! 

soo 

400 

65 


Table 19 28.—Ti he Dimensions in Inches of 3.131 Macjnetrons 

8ee Fig. 19-1 a 


b 

da 

f?. 

d. 


h 


0.469 

0.160 j 

0.096 

0.288 

0.390 

0.150 

0.017 


19-16. 22-cavity Rising-sun Magnetron. —This jising-sun magnetron 
is very similar in construction to the 3J31 tube. It is tlesigned for about 
the .same wavtdength and operating c.onditioiis as the 3.131, dirfering 
from it only in that the numlier of cavity resonators in the block is 22 
instead of 18. This is the largest number of resonators us[*d in a success¬ 
ful rising-sun magnetron having open cavities and block design param¬ 
eters that are not partiiadarly ('litical. (A sealed version of this tube 
at 6 mm is currently under development at the Columbia University 
Radiation Laboratory. A pulsed output power as high as 40 k\v has 
been observed.) 

The important tube dimensions are listed in Table 19-30. No 
photographs or cross-sectional views are given for this tube, as these 
would be practically identical with those shown in Figs. 19-59 and 19-00 
for the 3.J31 tube. The anode-block dimensions in Table 19-30 cor¬ 
respond to a cavity depth ratio of about 1.75 and give a wavelength 
separation between the 7r-mode (n = 11) and the {n = I0)-mode of 
about 5 per cent. 

The performance characteristics of a 22-cavity magnetron are shown 
in Fig. 19-63. These are so similar to those of the 18-vane 3J31 mag¬ 
netron that they will not be further discussed. This applies also to the 
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operating eunditiuns and life of the tube. Only a ndatively small 
number of these tidies have been construeted and tested. 


TaBI.K 19 - 29 .-('hAHACTEI ll.STIC SCALE FaCTOHS FDH 22 -( 7 AVITY 

H IS IN (:-Sl J N M A GN ETHl) N 


Tubr 

\ cm 

iW, giins.s 

U, kv 

(P, kw 

Qu 

(h: 

77,. '[ 

1 

1 -v 

1 

P2 

1.21 

2700 

3.0 

50 


500 

00 

1 


Tabi.e 19-30. —Dimensii>ns fur 22-rA\iTY Rising-sun Magnetron 

Set* Fig. 191a 


da 

(/,- 

d. 

f/. 

h 

t 

0.181 

0.116 

0.311 

0.410 

0.170 

0.0145 


19-16. The Closed-end 3B-cavity Rising-sun Magnetron. —This is an 
experimental pulsed magnetron with a rising-sun anode block of the 
closed-end type. The magnetron was designed for frequencies near 
24,000 Mc/sec for the purpose of developing a tube that could readily 
be scaled to higher frequencies. As in the 3J31 magnetron, an axially 
mounted cathode and direct waveguide output are used. 
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A description of the essential features of the 38-vane magnetron is 
given in the sectional view (Fig. 19-64) and in Fig. 19-65. For con¬ 
structional reasons, cylindrical holes are used in the large cavities of 
the block, producing a modification of the straight sector-shaped cavities 
commonly found in a rising-sun oscillating system. If the holes were 
replaced by equivalent sector-shaped cavities, the value ri for the result¬ 
ing ratio of cavity depths would be about 2.7. The height h of the 
closed-end block is 0.65X. 



Fii;. lD-04.—-CrDS.s sciitioii.s r»f closcd-ciid 38-i-avity riHing-.sun nuini^nGtroii. 


The large values of the cathode and anode diameters are particu¬ 
larly noteworthy in this magnetron. The anode diameter is about 
two-thirds of a wavelength. This represents the highest ratio of d„/X 
that has been used in a successful magnetron. 

The performance characteristics of a typical tube are shown in Fig. 
19-66. The advantage of the large number of resonators is made evident 
by comparing the magnetic field values at the optimum efficiency region 
with those for the 3J31 magnetron. The relatively high currents appear¬ 
ing on the performance chart are another result of the use of a large 
number of resonators. The increased heat dissipation made possible 
by the large cathode size is not evident from the data supplied in the 
performance chart, because experiments with the tube were limited to 
a study of the possibilities of the oscillating circuit. The operation of 
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Fig. in-65.—Cutaway view’ of ^H-ciavity lisiiig-.sun ina^sneliDii. 


the nuigiietruii is rehitivel.y fiee from troubles due to mode changes, 
tlespite the fact that the Avaveleiigth separation between the 7r-mode 
(/I = 19) and the (n = 18)-mode is only about 1 per cent. Tables 19-31 
and 19-32 give the characteristic scale factors and some of the tube 


Table 19-31.—Charautehistic Scale Factors for 38-cavity Malxetrun 


Tube type 

X, eiTi 

CB, Ksiiiss 

kv 

Qu 

(D: 


("loaed-eiid 38-viiiiP. 

1.30 

2060 

3.0,') 

1000 

800 

o6 

Closed-en d 2()-van e. 

1 .26 

1 

2630 

3.3o 

860 

1030 

46 


Table 19 32.— Dimensions for 38-cavity Magnetron 
Sen Fip. 191 a and b 


ih d,. I ! h : / c 










*<ilavolts Peak kilovolts 
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2 B 14 20 26 32 

Peak amperes 

Fi(i. 19-66. Porfoi’inaiu^e i;hart for 38-cavity risiiig-suni magnetron. 



0 200 400 600 BOO 1000 

Milliamperes 

Fig. 19-67.—Performance chart for XCH magnetron. 
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dimensions. Characteristic scale factors are also listed for a similar 
design having but 26 resonators. 



r 1.050"Dia. 17 Cavities ^ 

equally spaced 

Fia. 19’68.—Transverse cross sections of XCK magnetron. 



Cover plate ^ Anode block 

Water cooling jacket 

Fih. 19-69.—Longitudinal cross section of XCR magnetron. 


19-17. The XCR High-power 2.6-cm C-w Magnetron. —This magne¬ 
tron is a 34-vane experimental tube that utilizes a rising-sun anode 
block of the closed-end type. The tube is in an early stage of develop- 
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ment at the Columbia University Radiation Laboratory, and its descrip¬ 
tion is intended principally as an indication of the output power 
possibilities of c-w magnetrons at short wavelengths. At an operating 
frequency of about 11,500 Mc/sec, an r-f output of 900 watts has been 
observed. The performance of the best of the few magnetrons that 
have been constructed up to the time of the present Avriting is shown in 
Fig. 19-67; complete test information is not available for this magnetron. 
Because of the absence of data on the Q\s, the circuit efficiency is not 
known. There is good ground for believing, however, that the elec¬ 
tronic efficiencies are not substantially different from those of pulsed 
rising-sun magnetrons operating at corresponding values of H/Hd. 

The essential constructional features of the 34-cavity magnetron 
are shown in the tAvo section draAvings (Figs. 19-68 and 19-69). The 
anode block is completely closed. The dimensions correspond to a 
block height of 0.78X, a cavity-depth ratio of 2.63, an IIo of 980 gauss, 
and a y of 700 volts. The axially mounted helical cathode is made 
of 0.040-in. tungsten AAire, requiring about 45 amp at 3.3 volts for 
the starting of the magnetron. Only a fraction of this power, ho\N- 
ever, need be supplied Avhen the tube is operating Avith high input p[)A\er. 
The waveguide design for the tube includes a rectangular guide trans¬ 
former and a mica windoAv.^ 

^ Professor W. E. Laml), Jr., has kindlA pmiiith'd lln‘ publir.'ilioii ot the prr- 
liminary results that he has obtained with this tube. 
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XCR, 765, 766 
early typi's of, 1 
family of, 416 
4J31, 760 
4J33, 427 
4J35, 760 
4J36, 760 
4J36, 427 
4J41, 760 

4J50, 428, 780-784 
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Oxygen-free high-conductivity (OFIH ’) 
copper, 650, 694, 695 
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Prater, C. D., 692 
Probe transition, 486 
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RDll-2 magnetron, 430 
Reflection coefficient, 706 
Relativistic corrections, 211 
Relativistic effects, 228 
Relaxation method, 71 
Resistance, equivalent, 114 
internal, 343, 356, 363, 371 
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Resonances, end-space, 74 
tuner, 575 

Resonant cavity, 773 
Resonant circuit, internal, 7 
Resonant-circuit terminals, 720 
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406, 46*0 

components of, 406 
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Resonators, 11 
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closed-end, 471, 477 
hnle-and-slot, circuit paranipters of, 
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number of, 472 
effect of, 107 
open, 471, 477 
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admittance, of, 56 
of composite shape, 62 
cylindrical, 59 
equivalent network for, 52 
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single, equivalent circuit of, 461, 466 
vane-type, circuit parameters of, 462 
R-f components,* 32 
R-f line, breakdown in, 738 
R-f output, detection of, 732 
R-f patterns, 470 

Rieke diagram, 40, 178-187, 317, 327, 733 
Rising-sun magnetron, 21, 283, 528 
22-cavity, 790, 791 
38-cavity, 791-794 
Rising-sun resonant system, 470 
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730A magnetron, 777 
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Short-line effects, 322 
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Solder, 663 
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fus circuit element, 288-338 
nonlinearity of, 313 


Space-charge condguratioti, 27 
Space-charge limitation, 211, 412, 418 
Space-charge properties, 316, 329-338 
Sparking, 24 

Spectrum, 83, 325, 345, 389, 735 
by equivalent network, 54 
by field theory, 66 
Sprocket tuning, 565 
Stability, 305, 313, 328, 362 

frequency (see Frequency stability) 
Stabilization, 408, 576, 586, 622-645 
cavity (see Cavity stabilization) 
frequency, 402 
magnelic, 550 

Stabilization factor, 625, 723-720 
Stabilizer, 406, 404, 622 
Standing-wave measurements, 705-710 
Standing-wave ratio, 707 
Stanley, F. A., 651 
Start, false, 372 
Starting, 357, 367, 376 
speed of, 365, 632 
Starting time, 365, 388 
Slarting voltage, 370 
Strap breaks, 147-157, 470 

effect of, on mode spectrum, 147-154 
Strap-tuned system, inulticavity, mode 
spectrum of, 159 

Strapped systems, doviblc-riiig, 119 
inode spectrum of, 133 -138 
single-cavity-tuned, mode spectrum of, 
157 

single-ring, 119 

mode spectrum of, 138 
Strapping, 118, 384 

by staggering of vanes, 766 
Straps, 11 

definition of, 118 
effect of, 1D 
Stratton, J. A., 598 
Strong, J., 664, 666, 667, 677 
Stiipakoff Ceramic and Manufacturing 
Company, 677 
Symmetrical states, 243-253 

T 

Temperature, fluctuation in, 521, 523 
Terminals, 292, 298, 319 
Test bench, 731 
Testing, 553 
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Thermal behavior of pulsed cathode, 520 
Thermal expansion, 407 
Thorium oxide cathode, 534 
3J21 magnetron, 789 
3J31 magnetron, 429, 786-790 
Threshold (Hartree) voltage, 237 
Tibbs, S. R., 266 
Transducer, 298, 299, 319 
4-tBrminal, 171-177 
Transducer constants, 177 
Transformation forinuhis, 62 
Transformations, bilinear, 174 
IVansformer, 489 
H-section, 498 

of H-shaped cross sect inn, 493 
iris, 494 

quarter-wave, 482 
rectangular, 491 
waveguide, 4J11 

'rraiiafornier constant, prinripaJ, 177 
Transient behavior, 339-387 
Transients, 315, 357, 359, 3(i(i 
Transmission line, inisinatched, 309 
as resonant load, 320-329 
Transmission method, 702 
l\ibe, gassy, 736 

reactance, KTIO, 747 
reseasoning of, 737 
'Pube construction, 649-697 
Tube evacuation, 693, 694 
Tube model, 729 
'Pube processing, 693, 694 
"Piiiier, multicaviiy indue tan i-i*, 165 
multi cavity segment, 161 
multicavity strap, 159 
single-cavity, 157 
Tuner resonaiiees, 575 
Tuning, 622 
capacitive, 570 
r-avity (nee Cavity tuning) 
coaxial, 588 
coaxial-line, 746 
cookie cutter, 570 
coupled-circuit, 576 
double-output, 576 
electron-beam, 592 
electronic, 592-621 
inductive, 565 
iris-coupled, 583 
magnetron diode, 615 
mechanical, 561-591 


Tuning, by perforated plate, 769 
by pins in oscillators, 778 
ring, 572 
single-stub, 589 
sprocket, 565 
Tuning curve, 320, 324 
Tuning hysteresis, 562 
Tuning ranges, 402, 407, 408, 643 
Tuner resonances, 575 
2J22 magnetron, 751 
2J32 magnetron, 426 
2J34 magnetron, 751 
2J38 magnetron, 747 
2.J39 magnetron, 426, 747 
2J41 stabilize cl magnetron, 766-769 
2.142 magnetron, 770-774 

cath ode-tempcraturf‘ cli aracteristics 
for, 528 

2J49 magnetron, 777 
2J50 magnetron, 777 
2J51 tunable magnetron, 778-780 
2J53 magnetron. 777 

r 

UntlLTliill, E. M., 544, 548 
rnloaded Q, 108, 113, 184, 466, 467, 561, 
575 

\' 

Vacuum casting, 661 
Vane equivalent, 108 
Vane thickness, ratio of, to space between 
vanes, 473 

Variables, dependent, 294 
dimensionless, 415 
independent, 294, 316 
reduced, 232, 365, 416 
(F,/)-characteristics, 343, 450 
(T^,/)-diagrams, 341 
(T,7)-plot, 346 
(I',7)-scope, 347 

(T\7)-traee, 347, 348, 358, 368, 372 
Vittcr, A. L., Jr., 614 
Voltage, 291 

characteristic, 416 
instability, 264 
reduced, 233 

Voltage breakdown, 484, 488 
Voltage position, minimum-, 707 
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Voltage range, 401 Wpstinghouse R^tsearnh LHboratnries, 

Von Hippnl, A., 680 664, 665, 667 


Windows, 487 
iris, 203 
mica, 489, 684 
waveguide, 682 
Wright, F. I., 266 
Wulff, John, 662 


W 

Walsh, E. J., 682 

Waveguide circuits, directly coupled, 195 
Waveguide-output circuits, 194-203 
Waveguide outputs, 170, 486, 497, 782 
Waveguide transformers, 491 
Waveguide window, 488 
Wavelength, 461 
shift of, with current, 410 
AX, shift of, 407 
Wavelength calculations, 479 
Wavelength measurements, 702-705 
Wdding Handbook^ 662, 667 
Westinghouse Electric Corporation, 588, 
667 


X 

XCR c-w magnetron, 795, 796 
Z 

Zero component contamination, 97, 98 
Zero mode, 472 
Zworkin, V. K., 554 






